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ABSTRACT
The principles of Instrumental Neutron Activation Analysis (INAA) techniques 
and their applications in bulk analysis making use of prompt and delay gamma-rays 
have been outlined. Bulk analysis has the advantage of reducing sample preparation, 
and the use of large volume samples ensures that the analyses are representative of the 
bulk.
A full description of the irradiation facility with the changes in terms of better 
shielding, and the use of a microcomputer in cycling the neutron source and the 
acquisition system control which is employed for simultaneous prompt and cyclic 
NAA has been given.
The absolute method was used in the analysis of different environmental 
materials as bulk samples (2-5 kilogrammes) including sawdust, landfill, coal and fly 
ash. This means that all the parameters involved in the activation equation should be 
known. In particular, it was important to evaluate the solid angle between the sample 
and the detector and relate its variation to the detector absolute efficiency. For that 
purpose a Monte Carlo program was developed to find the effective solid angle 
subtended by a collimated detector for irregularly shaped bulk samples. The program 
was tested experimentally using an 152Eu voluminous source and the results showed 
a variation of not more than 4 % between the measured and calculated absolute 
efficiencies.
INAA based on a 5 Ci (1.85xlOu Bq) Am-Be neutron source and the absolute 
method with the necessary corrections for neutron and gamma-ray attenuation showed 
to be most useful in determining the concentrations of elements such as H, B, C, O, 
Al, Si, S, Cl, Ti and Fe in different environmental bulk samples. Other elements such 
as F, Na, Mg, K, Ca, V, Mn, Cu, Zn, Se, Br, Ag and In may also be analysed if found
in high concentrations. INAA based on a nuclear reactor and proton induced X-ray 
emission (PIXE) analysis based on a 2 MeV Van de Graaff accelerator were employed 
in this study as trace elements techniques using the comparator method. The 
concentrations of the elements and the associated detection limits in these samples 
were given and a comparison was made for those elements commonly obtained in both 
techniques.
Finally, the effect of hydration of samples on the sensitivity of ten elements 
has been investigated. It was found that with an increased amount of water added (i.e. 
an increase in the amount of hydrogen present in the sample) to the sample matrix, 
an increase in elemental sensitivity was observed up to a certain value after which it 
remains more or less constant. Sensitivities of elements were determined over broad 
ranges of H concentrations with constant sample volume and shape in order to gain 
an understanding of the process(es) responsible for the enhancement.
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INTRODUCTION
In recent years, public concern with the quality of the environment including 
the atmosphere, drinking water from water in rivers, streams and lakes has renewed 
scientific interest so that more time is spent in identifying and analysing the sources 
of pollution affecting the environment. Many trace element pollutants have become 
major objects of concern e.g. lead, cadmium, selenium, mercury and aluminium 
because of their increased concentrations in air, food, soil and finally human tissues 
and fluids.
Multielement analysis of potential pollution sources, such as landfill, sewage 
sludge, atmospheric particulates from industrial activities, domestic outputs, car 
exhaust emissions, coal and coal fly ash products has provided information about a 
long list of trace elements including (F, Mg, Al, S, V, Fe, Mn, Ti, Ni & Cr).
There are many different analytical techniques which are being used to 
determine the concentrations of these elements, in order that the source of pollution 
can be assessed, for example, Atomic Absorption Spectrometry, X-ray florescence, 
Inductively Coupled Plasma Mass Spectroscopy (ICPMS) and Neutron Activation 
Analysis (NAA). However, INAA is the only technique that can be scaled up to the 
analysis of samples of several kilogrammes, due to the penetration of the incident 
neutrons and the emitted gamma-rays through materials. This offers the possibility of 
analysing materials of large scale inhomogeneities without the need for tedious, time 
consuming and expensive homogenising procedures. Some of the numerous sample 
types that bulk INAA can be applied to include raw materials, refuse and wastes and 
drilling cores originating from exploration or environmental investigations. It was the 
purpose of this study to investigate the potential of neutron activation techniques based 
on an Am-Be isotopic neutron source to analyze various environmental samples in
bulk form, making use of prompt and delayed gamma-rays.
The irradiation facility employed in the present study was designed by 
Matthews and Spyrou [MAT79], [SPY81a], which utilizes a 5 Ci 241Am-Be neutron 
source as a probe for the irradiation. The facility was modified by Nicolaou [NIC83] 
and Ashrafi [ASH90]. In the present study, most of the changes and modifications 
were concerned with improvements in the shielding and the automation of the 
irradiation facility and the acquisition system. A program in C- language was 
developed to control the irradiation facility and the spectroscopy system to be used for 
prompt, conventional as well cyclic neutron activation analysis. A complete 
description of the facility, the acquisition system and their control by computer are 
given in chapter 2.
In NAA, it is often required to analyze large representative samples due to the 
heterogeneous distribution of some elements within the samples. This requirement may 
be difficult to meet, since some facilities are only equipped for the irradiation of small 
samples. Moreover, the radiation hazard associated with large sample irradiation can 
limit their use. With isotopic neutron sources the situation is different. It is more 
flexible that bulk samples can be used, which has not only the advantage of sample 
representativeness but can also compensate for the low neutron fluxes available.
The "Absolute method" was adopted for the sample analysis. Hence accurate 
knowledge of all the parameters involved in the so-called activation equation were 
needed. In particular it was important to evaluate the solid angle between the target 
and the detector and relate its variations to the detector efficiency. Evaluation of the 
solid angle for distributed sources of irregular shapes was tried using a Monte Carlo 
technique and the detector efficiencies for different geometries could be derived. This 
was important, since the dimensions of the material volume of an arbitrary shape 
emitting the interested gamma-rays cannot be known accurately.
Environmental samples such as landfill, fly ash and coal were analyzed using 
the 241Am-Be neutron source making use of prompt and delay gamma-rays, and the 
detection limits for 23 elements were determined. Analysis using reactor neutron 
activation and proton induced X-ray emission (P3XE) were also performed as trace 
element techniques for small masses of samples.
Among the different factors which might contribute to variations in the values 
or in the errors associated with the determination of elemental concentrations in bulk 
samples is the presence of hydrogen in the sample. The effect of hydration on the 
sensitivity of ten elements has been investigated. Samples with different water 
concentrations in a fixed volume and shape were prepared and used in the analysis in 
order to obtain a measure and understanding of the effects involved.
CHAPTER 1
INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS
1.1 - HISTORICAL BACKGROUND
Activation analysis may be defined as a method of determining the elemental 
concentration of constituents in a given sample by measuring the characteristic 
radiations emitted by the nuclides resulting from selected transformations.
The discovery of activation was made by Curie and Joliot, who reported in 
1934 that elements like aluminium, boron and magnesium can be made radioactive by 
bombardment with a  - particles. Activation by neutrons was discovered first by 
Hevesy and Levi at the Neils Bohr Institute of Theoretical Physics, Copenhagen who, 
in 1936, published their first report of the method in determining the concentration of 
dysprosium in impure yttrium using thermal neutrons [HEV36]. The technique was not 
fully exploited as an analytical method until nuclear reactors were employed in the 
mid-forties. With the development of nuclear research reactors, making available 
neutron fluxes of the order of 1012 neutron.cm'2, s'1, and development of sodium-iodide 
scintillation detectors in the early 1950s, the possibilities in many disciplines for 
applying neutron activation analysis (NAA) to samples for the determination of trace 
element concentrations were recognized. However, the relatively poor resolution of 
Nal(Tl) detectors made it difficult to analyze complex gamma-ray spectra. 
Radiochemical separation was often required to obtain quantitative information for 
several elements in complex samples.
The advent of high resolution solid state Ge(Li) detectors in the 1960s and 
more recent advances in computers and automation during the 1970s and 1980s have
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made possible applications of NAA to studies involving a very large numbers of 
samples and analysis of complex gamma-ray spectra involving many peaks.
Although other accurate non nuclear analytical techniques exist, NAA has 
several advantages which support its use as a primary technique for elemental 
analysis:
It is very sensitive, and even with modest neutron fluxes, most of the elements in the 
periodic table can be detected at the part per million (ppm) level or even part per 
billion (ppb) range with higher sensitivities achieved using higher neutron fluxes. The 
radiations from a number of nuclides can be measured simultaneously, which makes 
the technique multi-elemental. Also no change has been found in the chemical nature 
of the irradiated elements, so that the technique is independent of the chemical state 
of the elements. Making use of short-lived nuclides in the analysis wherever possible, 
renders it rapid and therefore economical. The technique has become a mainstay of 
geochemical, biochemical and environmental trace element research.
For example, in 1968 Gordon and his coworkers [GOR68] were able to 
determine concentrations of 23 elements in geological samples using high resolution 
detectors and with the improvements in detectors and techniques over the next few 
years, it was possible to determine -  40 elements in a wide range of matrices, e.g. 
rocks, soil, coal, airborne particles [GER80], [GLA85], Ndiokwere et al [NDI83] were 
able to determine 17 major, minor and trace elements in samples from three major 
sources of Nigerian coal using instrumental neutron activation analysis (INAA). In 
China, Chen et al [CHE86] measured 29 elements in samples of 110 coal mines using 
the same technique. The technique has also made a significant contribution to 
environmental research. To mention but a few, Landsberger et al [LAN93] have 
measured heavy metals and trace elements in municipal solid waste incinerator fly ash 
using thermal and epithermal NAA, and in comparison with normal soil, it was found 
that the ash contained elevated amounts of certain elements such as (Ag, Cd, Cr, Cu, 
Hg, Sb, Se, Sr and Zn) which were of particular interest as source markers. Air quality
2
and pollution sources can be identified by knowing the concentration of trace elements 
in dust particulates from and around industrial establishments. Weginwar et al 
[WEG92] analyzed dust particulates from two cement factories in the central part of 
India and 5 minor (Cl, Fe, K, Mg, Na) and 23 trace elements (Ag, As, Ba, Br, Cd, 
Co, Cr, Cs, Dy, Eu, Ga, Hf, Hg, La, Mn, Sb, Sc, Se, Sm, Sr, Th, W and Zn) were 
determined by instrumental and radiochemical NAA, while Spyrou et al [SPY92] used 
three different techniques INAA, PIXE (proton induced X-ray emission) and SEM 
(scanning electron microscopy) for the analysis of air particulate matrices in Nigeria 
to establish levels of air pollution. Ko et al [K092] analyzed air particulate samples 
from two Toronto hospital incinerators and claimed that the hospital incinerators 
contributed 22-36% to the ambient aerosols. Elevated concentrations of Ag, Cd, Cr, 
Sb and Zn were found in the incinerators ash samples. The high concentrations were 
attributed to the extensive use of plastics in the hospitals.
Iskander [ISK94] measured 27 elements in garden and lawn fertilizers using 
reactor neutron activation analysis, and concluded that the use of fertilizers especially 
in home gardening, may result in increase of toxic elements (Co, Cr, Se, Sb, Th, U 
etc.) in the underground water supply.
Despite all of its advantages, the technique certainly has a few limitations 
which include the inability to measure isotopes for which the absorption cross section 
is low, for which the product of neutron capture is a stable isotope, a very short or 
very long-lived isotope or for which the product is not a gamma-ray emitter. Some of 
these limitations can be overcome by either employing cyclic or prompt neutron 
activation analyses and even a combination of both, which would be discussed in the 
later chapters.
1.2 - RE C EN T DEVELOPM ENTS IN BULK A N A L Y SIS  USING NAA
Instrumental neutron activation analysis is an extremely reliable technique for 
the accurate determination of a large number of elements in a wide range of matrices. 
However, almost all its applications are based on samples with masses from several
3
tens to several hundreds milligrams, due to reactor limitations to cope with large sizes 
(in-core irradiations). Also the wide use of comparator methods, in which the size of 
the standard should match that of the sample, and would thus require large amounts 
of standards (impractical and expensive), compels the analyst to use small sample 
sizes. The radiological hazard associated with the irradiation of large samples can also 
impose practical limitations. However, it is often required to analyse large 
representative samples because of the heterogeneous distribution of some elements in 
these samples, and hence there is an increasing demand for developing methods using 
bulk samples which preferably allow analysis on site.
The increasing need for faster and reliable methods of quality control in the 
mining industry and on-line monitoring in mineral processing and in utilization plants 
such as occur in the steel industry and in coal burning power stations has created 
much interest in the analysis of bulk samples. Also great concern has been expressed 
with respect to problems connected with the contamination of soil and the 
environment from industrial and domestic waste. The burial of millions of tons of 
refuse may result in serious environmental consequences; most notably ground water 
pollution. On the other hand the wide usage of sewage-based fertilizers on agricultural 
lands is also of great interest, since the presence of trace elements including heavy 
metals in these fertilizers may have adverse effects on plants if allowed to accumulate 
in soils. NAA can be used to monitor these landfill and waste materials in bulk in 
order to identify the source of pollutants. NAA can also be used in coal analysis, since 
it is still continuing to be a source of energy for many countries, and through its 
combustion and waste products releases toxic elements which can be a potential 
source of pollution to the environment. Thus it is important to know elemental 
concentrations in order to assess any resultant hazards.
The technique of INAA has the advantage of reducing sample preparation and 
the use of large volume samples ensures that the analysis is representative of the bulk. 
Neutrons and y-rays as primary radiations are used as the probes in neutron and 
photon activation respectively for the analysis of bulk samples, because of their high
4
penetration in the sample, which makes them particularly attractive as the basis of an 
analytical method worthy of further development. In NAA, the sample matrix affects 
the neutron flux and attenuates the emitted y-rays depending on the amount and the 
values of the reaction cross sections of the absorbers and the scatterers within the 
sample. Consequently, it is essential to correct for any matrix effects in order to obtain 
good accuracy for bulk analysis. The procedure followed for the analysis of bulk 
samples in this study is shown in Figure (1.1). Borsaru et al [BOR83] developed a 
method for the simultaneous determination of iron and aluminium in iron ore using 
a W2Cf neutron source, and claimed that accuracies of 0.1% A120 3 and 0.6% Fe could 
be obtained. Fast neutron activation analysis using an 241Am-Be neutron source has 
also been adapted to the bulk analysis of bauxites by the same authors, and accuracy 
of 0.7% A120 3 and 0.3% S i02 were determined. Researchers at the Interfaculty Reactor 
Institute, Delft University of Technology [OVE93] are being involved in the analysis 
of bulk samples (~50kg), corrections for source geometry, neutron and gamma 
attenuation were considered in the analysis. Using energetic neutrons, Petler et al 
[PET86] used 14 MeV neutrons to determine the major elements such as (H, S, Si, C, 
O, N, Cl) in bulk coal and rocks using the capture and inelastic scattering lines. More 
recently, [SOW90] has given a review for the current Australian developments in the 
application of nuclear (y-ray and neutron) techniques to the on-line analysis of coal. 
Cement raw materials in bulk form were analysed using prompt gamma-ray neutron 
activation analysis based on M2Cf neutron source [OLI93c].
The technique has also its applications in medicine. Franklin et al [FRA90] 
have used In Vivo NAA to measure liver and kidney cadmium in 77 exposed workers 
and 101 referents. Cadmium levels were higher in exposed workers than in referents; 
both in liver, 25.7 compared with 0.6 qg/g, and kidney, 17.9 compared with 2.7 mg. 
The 19 referents who had never smoked had lower mean organ cadmium burden than 
the other referents.
From this review which involves analysis of different matrices which may have 
a wide variation in their elemental distribution, one can realize how important the
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sample to be representative. In cases where inhomogeneities are large and in studies 
involving large areas like in pollution study research for example, in which the 
number of samples to be analysed is huge, analysis using small samples can give false 
results in elemental concentrations, moreover, the preparation of a large number of 
subsamples from a sample required in order to obtain a representative elemental 
concentration can be impractical and a waste of time. The only solution is that 
samples can be analysed as a whole. For the time being, the only techniques which 
can cope with bulk samples is IN A A and photon activation analysis due to the high 
penetration power of both neutrons and gamma-rays.
The potential of bulk analysis using neutron activation techniques based on 
isotopic neutron sources and absolute methods of analysis are investigated and the 
necessary corrections including the neutron and gamma-ray attenuations were 
attempted. The applications of the technique in the analysis of different bulk materials 
including sawdust, landfill waste, coal and fly ash were undertaken.
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1.3 - TH EO RY AND  REAC TIO N S O F IN TEREST IN N AA
In neutron activation analysis, when a stable nucleus is irradiated by an 
incident neutron, its energy would be rapidly distributed throughout the nucleus 
resulting in the production of a nuclear excited state. If one considers a thermal 
neutron (Eft = 0.0253 eV) at room temperature 20.44 °C and velocity 2200 ms'1 and 
a nucleus of diameter 10'15 m, it can be found that the time required for the neutron 
to traverse the nucleus is ~ 10'18 s which is very short compared to the lifetime of the 
excited state (which is typically ~ 10'14 s). Hence, it is generally accepted that the 
neutron has been absorbed by the nucleus to fonn the compound nucleus. The 
compound nucleus is highly excited due to the large binding energy of the incident 
neutron and its kinetic energy. The nucleus can undergo rapid de-excitation to a more 
stable configuration in a number of different ways which usually involve emission of 
prompt gamma-rays or any other mode of decay energetically possible. In most cases, 
the new neutron rich nucleus is unstable and will decay by emitting delayed gamma- 
rays, following in general (-ve) beta particle emission.
The NAA method relies on the measurement of these characteristic gamma- 
rays, prompt and delayed, for identifying elements and to determine their amount 
present in the samples.
A brief description of the reactions of interest in activation analysis follows.
1.3.1 - N eutron  cap ture
This is the most widely applied nuclear reaction for activation analysis. It 
occurs when a low energy neutron in the thermal region is captured by the target 
nucleus, resulting in the formation of an excited compound nucleus which de-excites 
by the emission of one or more gamma-rays (prompt gamma-rays). For a prompt (n,y) 
reaction :
(/n + ZAX t f  ZA+1X + Y (prompt ~ 10'14 s).
If the product nucleus is unstable due to the increase of the neutron to proton 
ratio, this nucleus then, generally, emits (-ve) beta particles as follows :
A + l v   v A+lvz* i Oraz *  Z+l Y  + -1 P
Z+1A+1Y* -tf z+iA+1Y + y (delayed gamma-rays following beta emission).
The radiation capture cross-section is inversely proportional to the neutron 
velocity for most nuclei, the so called "l/v" law, and therefore predominates at low 
and thermal energies. Detecting the emitted y-rays (i.e. prompt or delayed y-rays) may 
then be used to identify the elemental concentrations present in the target material.
1.3.2  - Inelastic  sca tter in g
The possibility of this reaction necessitates that the incident neutron should 
have enough energy to put the target nucleus in at least its first excited state. The 
minimum excitation energy for elements of moderate and high mass number is usually 
from 0.1 to IMeV. Hence, only neutrons with energy exceeding this amount can 
undergo inelastic scattering. With decreasing mass number, there is a general tendency 
for the excitation energy to increase, requiring that the incident neutrons have higher 
energies, for example, for inelastic scattering to occur in oxygen, the incident neutron 
should have energy exceeding 6 MeV, while in hydrogen the process does not occur 
at all. In the inelastic scattering process, after the incident neutron being absorbed 
forming the compound nucleus, a neutron with reduced energy is emitted, and the 
nucleus de-excites promptly with the emission of a y-ray. The emitted y-rays are 
characteristic of the target nucleus, and therefore detecting these, allows the target 
material to be identified. The probability of this reaction increases with increase in the 
neutron energy.
1.3.3 - Transm utation
Reactions of this type occur when a neutron absorbed by the target nucleus, 
forming a compound nucleus which always de-excites by the emission of charged 
particles. Such reactions are (n,p), (n,d), (n,a), (n,t), (n,3He). The target nucleus in 
these reactions is transmuted to that of another element, the latter of which has
and
9
In most cases, fast neutrons are required to provide sufficient energy to the 
compound nucleus to permit (n,p) and (n,a) reactions. In order for a neutron to cause 
such reactions to take place, two criteria should be satisfied : (a) The neutron must 
have a minimum threshold energy in order for this endoergic reaction to become 
energetically possible. The threshold energy needed is given by :
different chemical properties than the target nucleus.
Q = the mass difference in energy units;
Mn = the neutron mass;
M = the target nucleus mass.
(b) The charged particle should possess enough energy to overcome the Coulomb 
barrier before it can be emitted from the nucleus.
In light nuclei, however both the binding energy per nucleon and the Coulomb 
barrier are small, therefore low energy neutrons can initiate such reactions, e.g. the 10B 
(n,a)7Li has a cross section of 3837 barns for thermal neutrons.
1.3.4 - The activa tion  equa tion
In NAA, where a sample is irradiated with neutrons of a wide energy range, 
(n,y) reactions would be possible, and the gamma-rays can be detected using 
semiconductor detectors. The rate of formation of the radionuclide is given by :
constant of the radionuclide formed, N is the number of target nuclei and is given by:
(L l)
Where :
(1.2)
Where N* is the number of radioactive nuclei formed d f  time t, X is the decay
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N  = — —  
M
(1-3)
Where Na is Avogadro’s number, 0 is the fractional abundance of the target nucleus 
in the element, w is the mass of the target element and M is the atomic mass of the 
target element.
R is the reaction rate per target nucleus and according to Hpgdahl’s convention 
(sec.2.2.2), the reaction rates for nuclides whose thermal cross sections follow the 1/v 
law up to Ecd (cadmium cut-off energy ~ 0.5 eV) is given by :
Where R is the total reaction rate (i.e. the reactions produced by both the thermal and 
resonance neutrons), Rg is the resonance reaction rate (produced by only resonance 
neutrons); resonance neutrons may be defined as the neutrons which have energies 
between the cut-off energy to ~ 10 keV. Gth, Ge are the correction factors for thermal 
and epithermal neutron self shielding respectively; I0 is resonance integral for the 1/E 
spectrum. d>lh, <be are the thermal and epithermal neutron fluxes respectively; o0 is the 
thermal neutron cross section at 2200 m/s; a(E) is the energy-dependent neutron cross 
section.
Eq.(1.2) can be integrated within the limits from 0 to t{, and after integration 
and substitution of the initial conditions (L = 0 and N* = 0), one obtains :
(1.4)
(1.5)
and
(h6)
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Where tj is irradiation time and N *(tj) is the number of radionuclei produced during 
the irradiation time period.
A finite decay (waiting) time (td) is usually required to at least transfer the 
sample from irradiation to measurement positions or move the neutron source away 
from the irradiation position before the measurement started during which the formed 
radionuclei are decaying. The radionuclei are also decaying through the period 
between the start and the end of the measurement time (ty ), so that the number of 
radionuclei dv of measurement is given by :
N  = W d —  °  0  (1  -  e ( e ' " d -  (L 8 >w M A
Considering the intensity of the gamma-rays emitted per disintegration (I), and 
the detector absolute efficiency (e) for the gamma-ray of interest, the detector response 
(EJ) is given by :
W 0 N n I  €  (T &  _jf  . - i f .  /•% -At \ SI
D . = -------Z- (1 -  e ‘)  e d (1  -  e m) (J-9)
<* MX
1.4 - PRODUCTION O F N EU TRO NS
Neutrons can be generated by different methods to be used as probes for 
neutron activation analysis. A brief description is given in this section :
1.4.1 - N uclear rea c to rs
Neutrons released in fission may be used to maintain a controlled chain 
reaction in an assembly containing fissile material, moderator, reflector, coolant and 
control rods. The reactor is considered as an abundant supplier of slow and fast 
neutrons. Fluxes of thermal neutrons up to 1015 n/cm2.s can be produced in the centre 
of high flux reactors, although the flux falls off near the periphery. Neutron activation
N '(tt) = (] - e ~xt>) (1.7)
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based on reactors is considered as one of the most sensitive analytical techniques, 
which can provide information in many disciplines on < trace elements 
concentrations at very low levels. However, the high expense of nuclear reactors 
especially the ones built specifically for NAA and the need for ' on-line analysis in 
the field provides the opportunity for other neutron sources to exploit these areas.
1.4.2  - N eutron  g en era to rs
Neutron generators offer another alternative neutron source. Charged particle 
accelerators based on nuclear reactions like 3H(d,n)4He and 2H(d,n)3He are used to 
produce neutrons. Because the reactions used in most neutron generators produces 
monoenergetic neutrons of about 14 MeV, high energy reactions such as (n,p), (n,2n), 
(n,n '), (n,a) can be induced. Small neutron generators can be used to analyse samples 
on site, and their applications in determining elements like nitrogen, oxygen, silicon 
and phosphorus in different matrices is widespread. However, the small neutron cross 
section of fast neutrons for most of the elements limits its use as an analytical tool.
1.4.3 - A ccelera to rs
There are a wide variety of accelerator machines that produce neutrons. 
Regardless of the accelerator type used, the nuclear reaction involved is the controlling 
factor influencing the yield and energy of the neutrons produced. Machines like 
cyclotrons, synchrocyclotrons, betatrons and linear resonance accelerators are used to 
accelerate charged particles to energies up to several hundred MeV per nucleon and 
allowed to strike a target which produces neutrons. Typical users and applications are 
in physics, chemistry and radiological research, radiation therapy, industrial 
radiography and activation analysis. For instance, one of the applications in in-vivo 
activation analysis is to measure the total body calcium using neutrons with mean 
energy of 6.5 MeV and a maximum of 15 MeV produced by a deuterium-beryIlium 
cyclotron . as reported by [KEN82]. A recent breakthrough has been the design of a 
superconducting cyclotron that could accelerate lOOpA of protons to 17 MeV giving
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a neutron yield of around 1013 s'1 via the reaction 9Be(p,n)9B.
1.4.4 - S p o n ta n e o u s  fis s io n  so u rc e  f 52Cf)
Neutron sources based on the ^ C f  radionuclide have the highest specific 
neutron yield compared to other isotopic sources. 252Cf emits neutrons at a rate of 
about 4 x 109 n/s/Ci (2 x 106 n/s/jig), with a maximum energy of about 12 MeV, 
peaking at 1 MeV (average ** 2.3 MeV). Its small size, low associated gamma-ray 
intensities and relatively higher flux of neutrons compared to (cx,n) isotopic sources 
are the main advantages. For this reason, some researchers favour its use. For 
example, Hertzog has used a 252Cf source to evaluate most of the minerals and fluids 
in the subsurface petroleum reservoir formations [HER88] while Chao and Chung used 
it to determine elemental concentrations in lake water [CHA90]. The main 
disadvantage of using this type of source is that it has a relatively short half life (2.65 
years) which not only means high replacement costs but also neutron flux corrections 
with time are required. Moreover, the low mean energy means less flux uniformity can 
be achieved in bulk samples, and some threshold reactions cannot be investigated.
1.4.5  - Iso to p ic  n eu tro n  s o u rc e s
Neutrons can be generated as a result of (a,n) or (y,n) reactions on low Z 
materials. Practically all gamma induced reactions have a threshold energy larger than 
8 MeV. Because of this, only two reactions can generally be used; 9Be(y,n)8Be [ET =
1.67 MeV] and 2H fy n /H  [Ex = 2.23 MeV].
Since an 241 Am-Be source is used in this study, a brief description will be 
given of (a,n) sources. The alpha emitting radionuclides that can be included in this 
type of source are : 227A c,241 Am, 210Po, 226Rq, 228Th and 239Pu. The energy range of the 
alpha particles emitted by these isotopes are between 4-6 MeV, [DES72]. The only 
requirement of the bombarding source is that the emitted radiation should have an 
energy above the reaction threshold.
Only light nuclei can be used as target material, since their threshold is quite
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low. Beryllium is one of the most frequently used target materials due to its low (a,n) 
reaction threshold and has the highest neutron yield than any other target material. It 
undergoes the following two reactions with a-particles :
49Be + 24a  -tf 612C + 0!n Q = +5.71 MeV
49Be + 24oc —tf 49Be + 24oc* p >48Be + / n  Q = - 4.3 MeV
The second reaction is a "break-up" reaction and gives rise to low energy 
neutrons from the decay of the 1.67, 2.43 and 3.04 MeV excited states of 9Be 
[OBS72]. It was observed that the threshold energy for the break-up reaction is Ea=
4.3 MeV, and the intensity of the break-up neutrons increases with increasing a- 
energy [ROM62].
Boron, lithium and even fluorine can also be used as target materials but with 
lower neutron yields. The neutron spectra produced from, for example, Ra-Be, Am-Be, 
Po-B sources are far from monoenergetic, due to several reasons : most of the alpha 
source nuclides emit several alpha particles of different energies and give rise to 
daughter isotopes showing the same decay mode and the alpha particle energy is 
degraded before the reaction occurs, due to energy loss in the medium. On the other 
hand the product nucleus is not always obtained in the ground state. Since the 
penetration power of an alpha particle is small, the neutron yield will largely depend 
on the intimate mixing of the source and the target material. While for (y, n) sources 
where the gamma-rays are far more penetrating than alpha particles, the gamma source 
and the target material can be kept separated which facilitates the reloading of the 
source .
The main advantages of isotopic neutron sources is the possibility for an 
irradiation facility to be made portable so that on-site analysis can be performed and 
that stable neutron fluxes can be obtained.
The neutron source incorporated in our facility is of the 241 Am-Be type
1.85xl0n Bq (5 Ci), the source has a long half-life i.e 433 years, so that a constant 
neutron yield over long time can be achieved, and hence, it is not necessary to make 
frequent adjustments to compensate for changes in source intensity. Also source
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replacement is not a problem to consider.
The source has the advantage of having a high fraction of fast neutrons, Figure 
(1.3), which improves the flux uniformity within the sample irradiated, since neutrons 
of higher energies have more penetration capability to go deeper inside the sample. 
The source also has a high mean energy i.e 4.4 MeV which allows reactions of high 
threshold energies to be investigated.
The source was manufactured by Amersham International [AME82] from a compact 
mixture of americium dioxide and beryllium metal which was doubly encapsulated in 
welded stainless steel. The overall size of the cylindrical source is 30 mm diameter 
by 60 mm length as shown in Figure (1.2). The neutron energy spectrum of an 241 Am- 
Be source is shown in Figure (1.3) as reported by [RIE84], [DEG71], [LOR73]. The 
spectrum is governed by the three available states in 12C following the 9Be(a,n)12C 
which are ground, 4.44 MeV and 7.65 MeV levels. Although the neutron spectral 
features are well known, it is important to realize their dependence on the source 
fabrication technique, especially on the particular size of americium dioxide (Am02) 
and Be powder. The de-excitation of 12C from its excited states results in the emission 
of 4.44 MeV and 7.65 MeV photons. In gamma spectroscopy, it was found [SPY81a] 
that the region between 3 MeV and 4.5 MeV is screened by the 4.44 MeV gamma 
peak and its single and double escape peaks, whereas above 4.5 MeV it was found to 
be clear from gamma-rays emitted from the source, indicating the infrequency of the 
transition of 12C to its second excited state. Other gamma-rays emitted by the source 
have energies at 60 keV and 103 keV with their respective percentage intensities of 
35.9 and 0.0195 which result from the de-excitation of 237Np following the decay of 
241 Am.
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Fig .(1 .2) Schem atic diagram  of the A m -B e neutron source [A M E82],
F ig .(1 .3) Energy spectrum of neutrons fro m 241Am -Be source [R IE84],
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1.5 - GAMMA-RAY SPECTROSCOPY
A full understanding of all the processes involved in the detection of y-rays 
including the interaction of y-rays with matter is necessary in order to perform y-ray 
spectroscopy. The detectors and the associated electronics employed in the detection 
of these photons form the bases of y-ray spectrometers. A typical gamma-ray detection 
system used for detecting these gamma-rays is shown in Figure (1.4).
1.5.1 - Gamma-ray interactions with matter
There are four main types of photon interactions with matter which play an 
important role in radiation measurements: photoelectric absorption, Rayleigh 
scattering, Compton scattering and pair production.
(a) Photoelectric absorption
In this process, the incident photon undergoes an interaction with the absorber 
atom. The photon completely disappears and a bound electron is normally ejected 
resulting in an ionized atom. For gamma-rays of sufficient energy, a photoelectron is 
usually ejected from the K-shell of the atom, having an energy of :
Ee = hv - Ek 
Where hv : incident photon energy.
Ek : binding energy of the photoelectron in the K shell.
The recoil atom is left in an ionized state and consequently rearranges its 
electrons and recaptures an electron from another shell. As a result characteristic X- 
rays are emitted, which are absorbed close to their origin. The photoelectric process 
is the predominant mode of interaction for photons of low energy and is enhanced for 
atoms of higher atomic number (Z). The observed dependence of the photoelectric 
absorption per atom probability over all ranges of Ey and Z is not simple, but is found 
to be of the form :
T oc z ° E-p
Where a  lies between 4 and 5, and [3 is approximately 3.
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Fig.(1.4) A typical set-up of a gamma-ray spectrometer for use in INAA.
Because photoelectric absorption is the preferred mode of interaction, there is 
a premium on choosing detectors for y-ray spectroscopy from materials that 
incorporate elements with high atomic number.
(b) Compton scattering
In this process, the incident photon interacts with a "free" electron, that is an 
electron with binding energy considerably lower than the incident photon energy. The 
incident photon is scattered through an angle 6 with respect to its original direction, 
and transfers part of its energy to the recoil electron. The scattered photon energy Ey 
is given by :
Ey = the incident photon energy; 
m0e2 = the electron rest mass energy (= 0.511 MeV);
0 = the scattering angle.
Energy deposition in a Compton scattering event is variable from 0 to a maximum 
energy depending on the scattering angle. Therefore this process contributes to the 
background continuum under the peaks and may interfere with low intensity peaks. 
The probability of Compton scattering per atom of absorber depends on the number 
of electrons available in scattering targets and therefore increases linearly with Z .
(c) Rayleigh scattering
In this process, a photon of low energy interacts with a bound electron. The 
electron vibrates under the influence of the field of the incident photon and the 
scattered photon emerge with no loss in energy, hence the process is elastic. The 
scattering angles are always small except for high energy photons or high Z materials. 
Even for photon energies above 0.1 MeV, elastic scattering by tightly bound atomic 
electrons can be significant. For large photon energy and low Z materials, Rayleigh 
scattering is negligible in comparison with Compton scattering.
(d) Pair production
The fourth significant gamma-ray interaction is pair production. The process 
occurs in the field of a nucleus of the absorbing material, and the photon energy 
should exceed twice the rest mass energy of an electron (1.022 MeV), for the process 
to be energetically possible. The gamma-ray disappears and two particles are created 
an electron and a positron. On slowing down, the positron then interacts with an 
electron from one of the surrounding atoms, and during this reaction, the two particles 
are annihilated and two gamma-rays of energy totalling 1.022 MeV in almost opposite 
direction, to preserve momentum, are released. If the incident gamma-ray energy 
exceeds 1.022 MeV, then the excess energy appears in the form of kinetic energy
Where
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shared by the electron-positron pair. The time taken for the positron to annihilate is 
small, so that the annihilation radiation appeal's in coincidence with the original pair 
production interaction. The cross section for pair production varies approximately as 
the square of the atomic number of the material (Z2), and increases rapidly with the 
photon energy above the threshold.
1.5.2 - Gamma-ray attenuation
When a beam of photons passes through a thin layer of material, a fraction of 
photons are removed so that the intensity falls off in an exponential manner, and a 
number of photons and electrons of different energies will emerge from the layer. A 
full description of the attenuation process which would include the energy and 
directional distribution of the outgoing electrons and photons would be complicated 
and need Monte-Carlo type calculations. However, in gamma-ray spectroscopy one 
should be interested only in the fraction of the monoenergetic photons that have 
penetrated the material layer without any interaction and therefore have their original 
energy and direction. The term "attenuation" refers to the remaining photons that have 
been either absorbed or scattered in the layer and not reached the detector.
The total linear photon attenuation coefficient, p. (length*1) is the sum of the four 
partial attenuation coefficients:
|i = |UT + |iR + pc + pk
Where p,, p.R, p,c and pk are the photoelectric, Rayleigh, Compton and pair production 
coefficients respectively. If a narrow collimated beam of monoenergetic gamma-rays 
of intensity N0 passes through a material of thickness t, then the number of transmitted 
photons N is given by :
N = N0 e ^ 1
Where t is the thickness of the layer.
The linear attenuation coefficient can be replaced by the mass attenuation coefficient 
(p/p) which is independent of the physical state (solid, liquid or gas) and has the 
dimension of (area per unit mass) and t would then be expressed as (t.p) in mass per
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unit area in the above equation.
The overall mass attenuation coefficient of a mixture or compound is found by 
summing the weight fractions of the constituent elements multiplied by their individual 
mass attenuation coefficients ( the Mixture Rule) :
£  = F V  . ( £ l  ( U l )
P p
Where is the proportion by mass of the ith elemental constituent which has mass 
attenuation coefficient (|i/p)j . A computer program "XCOM" written by Berger and 
Hubbell [BER87] utilises the Mixture Rule and is capable of generating the partial and 
total attenuation coefficients for elements, compounds and mixtures for the energy 
range (0.001 - 105 ) MeV.
1.5.3 - Gamma-ray detectors and their characteristics
The detection of gamma-rays is almost entirely based on two kinds of material 
namely, scintillation and semiconductor. The choice of detector is study dependent, 
and is usually a trade off between the resolution and the efficiency. In multi-elemental 
neutron activation analysis, which needs a detector of high resolution capability to 
resolve the peaks, semiconductors (Ge(Li) and HPGe ) are most widely used. Cases 
which involve simple spectra of few well separated peaks, the use of scintillation 
detectors may be more suitable due to their high efficiencies.
Some general detector properties should be known when applied to radiation 
spectroscopy. These properties are summarized here :
(a) Detector energy resolution
It is the ability of the detector to resolve peaks of similar energies, and it is 
defined as the width of the full-energy photopeak at half maximum (FWHM). The 
energy resolution can also be expressed in terms of a percentage by dividing the 
FWHM by the photopeak energy, or by the location of the peak centroid if the
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FWHM is defined in channels. The energy resolution is thus a dimensionless fraction 
expressed as a percentage. Typically semiconductor detectors can have an energy 
resolution of about 0.1 percent whereas scintillation detectors normally have an energy 
resolution in the range of 5-10 percent. The better resolution obtained with Ge 
detectors is due to the small amount of energy required to create an ion-pair (2.96 
eV/ion pair) compared with the (1000 eV/photoelectron) required in scintillation 
detectors. It is clear that the smaller the figure for energy resolution, the better the 
ability of the detector to distinguish between two close full-energy photopeaks. The 
peak width reflects the fact that a large amount of fluctuations was recorded from 
pulse to pulse although the same energy was deposited in the detector for each event. 
Fluctuations can be attributed to different sources, and the overall FWHM is given by:
(FWHM?ovemll -  (FWHMi,atisdcal + (FWHM?mise + (FWHMfdrifi
Where the terms on the right hand side are the contributions to the overall resolution 
from the statistical noise, random noise within the detector and instrumentation 
system, and any drift of the operating characteristics of the detector during the 
measurement, respectively.
(b) Detector efficiency
There are different possible fates for the gamma-rays emitted by a source to 
be detected : First not all the emitted photons would strike the detector, and if they 
do, there is a finite probability that some photons will be completely absorbed in the 
crystal and hence will be registered in the full-energy photopeak. If a photon interacts 
by Compton scattering and the scattered photon escapes from the crystal, only part of 
the incident photon energy will be deposited depending on the scattered angle. If the 
gamma-ray energy exceeds 1.022 MeV, pair production may occur, ultimately 
resulting in the production of two annihilation photons. Absorption of both in the 
crystal would be accumulated in the full-energy photopeak, and escape of one or both
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will result in the single and double escape peaks, respectively. The single escape peak 
appears in the spectrum at an energy of m0c2 (0.511 MeV) below the full-energy 
photopeak, while the double escape peak appeal's at (1.022 MeV) below the full- 
energy photopeak. Other possibilities like multiple interaction of the scattered photon 
with the crystal and escape of the final scattered photon in the single and/or multiple 
Compton scattering processes may result in the accumulation of the counts between 
0 and the full-energy photopeak energy. Therefore, knowledge of the detector 
efficiency is essential especially when absolute rather than the comparator method is 
to be carried out in INAA. This is to relate the number of photons detected by the 
detector to the number of photons emitted from the source. Efficiency is classified into 
two : the absolute efficiency which is the ratio of the number of counts registered to 
the number of radiation quanta emitted by the source and intrinsic efficiency which 
is the number of counts registered to the number of radiation quanta incident on the 
detector. The two efficiencies are related for isotropic sources placed in air (vacuum) 
by eint = eabs- 4ti/£2 , where Q  is the solid angle of the detector seen from the actual 
source position.
(C) Detector photofraction
It is defined as the ratio of the full-energy photopeak counts to the total counts 
registered in the whole spectrum. In neutron activation analysis it is preferable to have 
a detector of high photofraction, since the full-energy photopeaks are the ones used 
for the analysis. The photofraction is energy dependent and should be determined for 
the region of interest.
(D) Peak to Compton ratio
This ratio is defined as the maximum number of counts in the full-energy 
photopeak to the number of counts in the Compton continuum. This ratio increases 
with the size of the detector crystal, the probability of the photons to deposit their 
energies within the crystal increases and hence, registered in the full-energy
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photopeak. On the other hand Compton scattering from multiple gamma-rays results 
in counts being registered in all peaks of the spectrum raising the background under 
the peaks of interest. Therefore high peak to Compton ratio is preferred in gamma-ray 
spectroscopy.
1.5.4 - Gamma-ray spectra analysis
As a result of neutron irradiation, gamma-rays are emitted from the sample. 
These can be detected using a gamma-ray spectrometer. With the knowledge of the 
processes involved in gamma-ray interactions with matter, peaks in the spectrum can 
be interpreted according to the amount of energy deposited in the detector; full-energy 
photopeaks, single and double escape peaks. Energy deposition in a Compton 
scattering event is variable from 0 up to a maximum energy depending on the photon 
scattering angle. Therefore this process contributes to the background continuum under 
the peaks and may interfere with low intensity peaks. Reduction of this Compton 
continuum can be achieved using "Compton suppression spectrometers" in which the 
semiconductor detector is surrounded with a large detector shield (usually an annulus 
Nal(Tl) detector) which is used in an anti-coincidence mode. Scattered photons 
escaping from the semiconductor detector and leaving part of their original energy 
behind, are eventually captured by the surrounding detector shield. When signals 
generated from both detectors occur simultaneously, storage of the semiconductor 
detector event is blocked while full-energy photons are stored.
Complex spectra may result from sample irradiation. Analysis of these spectra 
by manual numerical techniques is not practical and it is time consuming, and the use 
of a computer for the many and complex spectra is essential.
The general aim is to calculate the peak area under the full-energy photopeak 
of interest, Figure (1.5) and relate it to the concentration of the element of interest 
within the detection volume. The computation technique used for peak area 
calculations is one facet of gamma-ray spectroscopy upon which depends the ultimate 
precision of the analysis. Usually the full-energy photopeaks are superimposed on a
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Fig.(1.5) A typical detector response shows the full-energy photopeak 
superimposed on a background continuum.
continuum caused by the general counting background and Compton effects from the 
gamma-rays of higher energies. Therefore, it is not an easy task to find the number 
of events which contribute to a certain full-energy photopeak. To determine the net 
number of counts "S" under the full-energy photopeak region, the unwanted counts 
must be subtracted from the total number of counts under that region. Different shapes 
of the continuum under the peak have been suggested [QUI69], [STE68], [BAE71] 
and the detected signal "S" calculated by subtracting the background counts "B" from 
the total number of counts under the photopeak of interest "T".
The lower and upper limits of the peak can be defined by checking statistically 
the significance rise and fall in the channel contents on either side of the full-energy 
photopeak. In cases where the rise and fall is not rapid enough to satisfy the statistical 
significance test, the Full Width at Tenth Maximum (FWTM) of the photopeak may 
be used to set the limits of the peak of interest [ROB75].
There are some cases, where it is difficult to consider a small peak as a true
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signal or a part of the background continuum. Spyrou [SPY74] addressed this issue 
by checking the peak statistical significance in relation to the underlying background 
area i.e. if S > f.B1/2 it can be accepted as a true signal. Where f is the confidence 
level in this test and for f  = 1,2 and 3 the levels of confidence are 68.3%, 95.45% and 
99.73% respectively. Furthermore, the minimum detectable signal is denoted by S = 
f.B1/2 and the statistical precision related to the signal is given by ± (S +2B)1/2/S.
In this study, most of the spectra were analyzed using SAMPO gamma-ray 
spectrum analysis code written by Routti et al [ROU69] (with modifications made by 
the group at Surrey). This program uses a fitting method which is based on an 
analytical function consisting of a Gaussian function which describes the central part 
of the full-energy photopeak, and the tails by simple exponentials which join the 
Gaussian so that the function and its first derivative are continuous. The background 
continuum under the photopeak is approximated with a polynomial function.
1.6 - Methods for determination of elemental concentration
There are different methods used to determine the elemental concentrations in 
a sample
1.6.1 - The Comparative method
In the comparator method, a chemical standard or reference material containing 
a known mass of the element to be determined is irradiated and counted under 
identical conditions with the sample. To eliminate the influence of varying neutron 
flux, the sample and the standard should be, ideally, irradiated simultaneously and 
both subsequently counted under the same geometrical configuration with respect to 
the detector. The ratio of the areas of the full-energy photopeak corresponding to the 
nuclide and therefore element of interest in the two measured spectra is used to 
calculate the concentration. If the mass of the element in the standard is (wst), its 
photopeak area is (Ast) and the sample photopeak area is (Asm), then the unknown 
mass in the sample (wsm) :
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• x "  (U2>st
In this method, no detailed knowledge of the neutron flux at the irradiation 
position nor of the nuclear data of the nuclide of interest are required. However, the 
main drawbacks can be summarized in the differences in the matrix composition 
between the sample and the standard, the extra time needed for irradiating and 
measuring the standards and the difficulty to ensure the stability of the chemical 
standards as well as the high cost of reference materials in cases of their use as 
standards.
1.6.2 - The Single- comparator (monostandard) method
The drawbacks of the comparator method in using a number of single 
standards or mutielement standards can be overcome using only a single standard 
which has not only the advantage of time saving but also could reduce the sources of 
errors. The first investigation of the method, although not adopted for many years, was 
carried out by Girardi et al [GIR65] who concluded that the accuracy and precision 
of the method competes with that of the comparator method. The method based on the 
irradiation of the unknown sample with a suitable element (the mono standard) which 
would be used as a single comparator for different elements. The comparator is chosen 
according to the irradiation and counting conditions. For short irradiations, isotopes 
like 49Ca (t1/2 = 8.7m), 52V (t1/2 = 3.76m) or 27Mg (t1/2 = 9.45m) can be used while for 
long irradiations, 198Au (t1/2 = 2.7d), 59Fe (t1/2 = 45. Id) or 95Zr (t1/2 = 64.02d) are 
usually used. The method found its application when a large number of elements was 
to be determined in one sample.
The mass, w of an irradiated element is related to the photopeak counting rate 
of the radioisotope by the relation :
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W =  AP \  M_____
Na Q a <b ep I S D C
Where : Ap is the photopeak count rate of the measured radioisotope, X is the decay 
constant, M is the atomic mass of the irradiated element, Na is Avogadro’s number, 
0 is the fractional isotopic abundance of the target nuclide, a  is the effective activation 
cross section for the neutron energy spectrum used, <3> is the neutron flux, ep is the 
full-energy peak detection efficiency, I is the y-ray intensity (gamma-ray emission 
probability), S is the saturation factor = 1 - e 'Xtl , ti is the irradiation time, D is the 
decay factor = e'Xtd , td is the decay time, C is the counting factor = 1 - e'Xtm , is 
the measurement time.
With Eq.(1.13), the neutron flux can be measured by irradiating a known 
weight of an element and measuring the induced activity by y-ray spectroscopy :
a ;  x* m *o  = ___________P_________________ (1 .1 4 )
Na w* 0* I* a* e*p S * D* C *
Where the asterisks refer to the neutron flux monitor, and by substituting <E> from Eq. 
(1.14) into Eq.(1.13), we find : a n*r* 
w  = k ~ E J ------------w  * (1 .1 5 )
a ;  s d  c
Where :
km mx r  / •  „ • 6;
M" V0 /  a
Using the available nuclear data from the literature, k can be calculated, and then the 
mass of the unknown element can be determined using Eq.(1.15).
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1.6.3 - The k0 method
The ko method was intended to be an absolute technique where the 
uncertainties in the nuclear data are replaced by compound nuclear constants- the k0- 
factors - which are determined experimentally with high accuracy. In the ko method, 
the concentration of an analyte (pa) is obtained from co-irradiation of a monitor (m) 
with the sample, followed by y-ray spectrometry with an efficiency calibrated 
semiconductor detector. The mass of analyte can be derived using the Hpgdahl 
convention [H0G62] which was adopted in the k0 method [DEC87] as follows :
Np is the net peak area corrected for pulse losses (dead time, true and random 
coincidences), is the measurement time, S is the saturation factor which is, [l-exp(- 
XQ] where X is the decay constant and t; is the irradiation time], D is the decay factor 
which is [exp(-Xtd)] where td is the decay time, C^  = [ 1 -exp(-Xtrn)]/Xtm], Wa is the mass 
of the sample in which the analyte is to be determined, Wmis the mass of the monitor, 
Glh is the correction factor for thermal neutron self-shielding, f  is the thermal (sub­
cadmium) to epithermal neutron flux ratio, Q0(ot) is [(Q0 - 0.429)Er'a + 
0.429/[(0.55)a(2a +1)], with a  representing the non-ideal l/E1+a epithermal neutron 
flux distribution; Er is the effective resonance energy and Q0 is I(/g0 , where I0 is the 
(n,y) resonance integral and g0 is the (n,y) cross section at 2200 m s'1 neutron velocity; 
Ge is the correction factor for epithermal neutron self-shielding; and ep is the full- 
energy photopeak detection efficiency, taking into account y- attenuation and ko Au is 
a factor which can be defined for any y-line of an (n,y) formed isotope versus a gold 
comparator as :
N A n  \
Where :
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_ ^A ifiaTgaO,a jg^
*OAu
k  (a-) -KoAu\a > ~ TTL V ~F  a AuTau (
Where :
M is the atomic mass; 0 is the fractional isotopic abundance; J  is the absolute intensity 
of the measured y-line. The notation "Au" refers to 197Au (n,y)198Au. Each ko factor can 
be determined in activation analytical laboratories from measured specific count rates 
(Asm) as :
x f  + Q qAu x epAu (1.19)w « )  = - f* -  x V t t Ts^mAu J **0 ,a P,a
"Recommended" k0 values with better than 2% accuracy have been published for the 
relevant y-lines of 91 analytically interesting radionuclides, and "tentative" k^  values 
with an estimated accuracy of better than 5% for 21 radionuclides [DEC89].
1.6.4 - The Absolute method
The possibility of eliminating the comparators by using a direct or absolute 
method was considered by Girardi et al [GIR64]. He concluded that results using this 
method cannot compete in accuracy with the comparator method. This has been 
attributed to the uncertainties which exist; in the knowledge of nuclear parameters 
required in the calculations, especially cross sections, decay schemes, isotopic 
abundances and y-ray intensities of radionuclides. Moreover, by not using standards 
means that the parameters such as neutron flux distribution and detector efficiencies 
should be carefully determined and monitored which requires rather intensive 
experimentation and calculations. Although the accuracy was poor, the precision of 
the results was generally similar to that of the comparative method [GIR65]. With the 
improvement in the techniques used for nuclear parameters calculation, more reliable 
data became available making the accuracy of the absolute method rather better but 
the uncertainties are still too large to allow analysis results to an accuracy comparable 
to that of the relative method.
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In INAA, the elemental concentrations of any sample can be determined by 
making use of the well known neutron activation equation :
W =---------------------------- D  X M --------------------------  (J 20)
Na e ep I  a <E>(1 -  e') e d (1 -  e 'u")
Where w is the mass of the target element. The other parameters are as defined 
previously.
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CHAPTER 2
IRRADIATION FACILITY AND NEUTRON FLUX 
MEASUREMENTS
2.1 - THE EXPERIMENTAL FACILITY
An irradiation facility which incorporated a 1.85xlOn Bq (5 Ci) ^Am-Be 
neutron source was designed and built to be used for prompt, conventional and cyclic 
activation analysis [MAT82], [SPY81a]. The main requirement was to build it with 
maximum flexibility at minimum cost but with adequate shielding, Figure (2.1). The 
facility was improved over the past years by different workers [NIC83], [ASH90] to 
include the use of a computer in system control. However, there were still a few 
drawbacks, one of which was that in order to remove the neutron source out of the 
facility either for cleaning the perspex tube or for leakage check up [according to the 
Ionizing Radiations Regulations 1985; Reg. 18 (3)], it was necessary to empty the 
large tank (used as a biological shield) to avoid water leaking from around the tube 
at the irradiation position, and hence, exposing the workers to large doses. The other 
problem was that a large fraction of neutrons still travelled towards the detector and 
would eventually result in detector damage. These problems were considered in this 
study.
2.1.1 - Irradiation facility description
The system consists of two domestic water tanks which are assembled together 
as shown in Figure (2.1). A perspex tube of length about 1.07 m and inner diameter 
of about 50 mm runs through the larger tank and at its centre. The neutron source can 
be transferred rapidly from its shielded position at one end to its exposed position at
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1-Neutron source
2-Lithium carbonate shield
3-Perspex tube
4-B iological shield (water)
5-Plastic tube
6-Boron loaded clay
7-Paraffin wax shield
8-Two microswitches
9 -Lead
10-Air pump
11-Sinusoidal valve
12-Air valve
13-Air from compressor
14-Shielded position
15-Irradiation position
16-Gamma-ray detector
Fig.(2.1) A plan view of the irradiation facility (not to scale).
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the other end by using compressed air. The perspex tube is extended along the smaller 
water tank (which serves only as biological shielding when the source is in its 
shielded position) and connected to an air pump.
Since the volume of the pump is equal to the volume of the tube, the source 
can be sent to and sucked back between the two ends of the tube. A sinusoidal valve 
is used to switch the air for sending or withdrawing the source to or from the 
irradiation position. The valve is controlled by a microcomputer. Four small tanks are 
placed; two on each side of the large water tank and parallel to the tube axis in order 
to reduce the dose rate resulting from neutrons and gamma-rays. The source stop at 
the irradiation end consists of a metal plate made of iron with a circular hole in it; the 
diameter of which is 10 mm less than that of the perspex tube. Powdered Li2C 03 
shield in a perspex box acts as a neutron shield and is placed in front of the neutron 
source with a hole of 50 mm diameter through the box’s centre to allow neutrons to 
pass through it. This was used to reduce the number of neutrons travelling towards the 
gamma-ray detector.
The (a,n) neutron source used in the facility prior to being loaded in the tube, 
is placed into a cylindrical nylon container of outer diameter slightly less than 50 mm. 
The container is used to reduce the impact when the source hits the source stops at 
the exposed and shielded ends.
2.1.2 - Control of the facility by computer
It was decided, since the beginning of the research work, that the facility 
would be used for cyclic, prompt and conventional activation analysis in order to 
extract maximum information from the irradiated sample. Cyclic activation, 
necessitates accurate timing parameters and fast response. This can be achieved by 
using microswitches, an input/output card and a personal computer which controls the 
source movement.
In cyclic activation analysis a sample is irradiated for a short period of time 
relative to the half-life of the isotope of interest, followed by short time measurement
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of the delay radiation emitted after the end of irradiation, and then the sample is 
reirradiated and the whole process repeated for a number of cycles (see theory in 
section 4.2.2.1). The cumulative detector response over the experimental time can be 
collected.
During the irradiation time in a given cycle, "prompt" gamma-rays are also 
emitted from the irradiated target. These radiations can be collected using another 
acquisition system, so that extra information can be obtained with no further increases 
in the experiment time or in the amount of the dose delivered to the object (more 
important in the in-vivo NAA case).
Since the typical timing parameters (irradiation, waiting and measurement 
times) are of the order of 10 seconds for half-lives of 15-20 seconds and sometimes 
can be as small as 1-2 seconds for half-lives of faster decaying isotopes [NIC83], 
accuracy in achieving these parameters during the experiment is very important. Other 
timing parameters in cyclic activation is the time taken for the transport of the neutron 
source from the shielded position to the exposed position, trl, and the time taken 
when the source is brought back to the shielded position, tr2. For optimum conditions 
these times should ideally be zero [KER78b].
Since the accuracy in these timing parameters is very important, it was decided 
that control of the irradiation and spectroscopy systems would be more efficiently 
accomplished by a computer based system.
The control system is composed of the following :
(1) An Amstrad 1640 personal computer .
(2) An 8255 I/O card which is a programmable peripheral interface device designed 
for use in microcomputer systems. Its function is that of a general purpose I/O 
component to interface peripheral equipment to the microcomputer system bus. It has 
48 available lines and 3 independent 16 bit counters each with a count rate of up to 
2 MHZ. Figure (2.2) shows the block diagram of the device. It is used in this work 
to send signals to the irradiation system and receive signals from it to control the
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(3) An EG & G ORTEC Multichannel Analyzer (MCA) which is a hardware and 
software package that performs data collection. The MCA is made up of a model 916 
card called the multichannel buffer, or MCB and the MCA Emulation software. The 
MCB has a Z80A microprocessor, an analog-to-digital converter(ADC), and 4K 
channels of data memory. The MCA Emulation software runs on an IBM pc or IBM 
compatible computer.
The modular design allows the incorporation of up to four 916 MCBs which plug 
directly into expansion slots in the pc. A "mailbox" system allows direct 
communication between the MCA and the Amstrad pc, thus allowing rapid spectrum 
storage on the hard disk or floppy disks. The MCA card can collect data 
independently of the operation of the computer, this allows the pc to be used for other 
programs while the data are being collected. It’s software has a DOS function that 
executes other programs and then returns to the emulation program.
How the system operates ?
(1) A signal is sent from the I/O card to move the source from the shielded to the 
exposed position. This can be achieved by selecting the mode which provides simple 
input and output operations. By writing 083 hex to port 2 control register, the 2A and 
2B ports can be used for output and input of the signals, respectively. The five volt 
signals could then be sent or received on any of the bits of these ports.
(2) Once the source reaches the exposed position, a high logic "1" pulse that is a 
five volt signal from the micro-switch (MSI) is received by the I/O card and gives an 
indication of the source position. The arrival of this signal is used to start the clock 
of the irradiation time "tj" and to start the acquisition of the prompt detection system.
(3) After completion of irradiation, another signal is sent from the I/O card to 
transfer the source to the shielded position. The logic pulse from "MSI" goes to low, 
the time the source moves from the exposure position. A pulse from "MS2" set to 
high, the time the source reaches the shielded position. The arrival of this signal is
movement of the source.
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used to prompt the start of the clock for the measurement period "ty" and also to 
begin counting for the cyclic activation detection system to acquire data from the 
delayed emissions.
(4) The end of counting time shows the completion of one cycle. These steps can 
be repeated for any n number of cycles as pre-determined by experimental 
requirements.
(5) Both prompt and delayed gamma spectra are collected and can be stored for 
further analysis.
A program in C language was developed and implemented on the personal 
computer to cope with the previous steps. The flowchart of which is shown in Figure
(2.3).
2.1.3 - Timing parameters measurements
Accuracy of timing parameters in cyclic activation analysis is important 
especially when the half-life of the isotope of interest is very short. Having large 
variations in the accuracy of irradiation, counting, and/or transfer times may result in 
large errors. Using a computer, microswitches and an input/output card ensure that 
these timing parameters could be determined with more accuracy and leave most of 
the variations due to the instability in the supplied air pressure.
The transfer time was measured using a Ge(Li) detector and multichannel 
analyzer working in the multiscaling mode. Suitable dwell times were chosen so that 
good resolution of the responses can be obtained. The detector was placed close to the 
irradiation position, and the neutron source was cycled a number of times between the 
shielded and irradiation position. The detector response was collected as the source 
approached or departed from the detector. The response is maximum in the former and 
minimum in the latter, and the time difference is corresponding to the transfer time. 
For a dwell time of 10 ms, the transfer time was found to be 300 ± 14 ms, for an air 
pressure of 1.2 bars (kg / cm2), Figures (2.4a,b).
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Prompt data file ?
Delay data file 7
Input ti & tsh
Input n
m = 0
11
Source movement to 
irradiation position
Start irrad. clock & 
MCAl(prompt meas.)
Start waiting clock and 
acquisition for MCA2(delay)
Stop MCA2
m = m + 1
No
Store both spectra in their 
files
Fig.(2.3) Flowchart of the control system program.
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Fig.(2.4a) Detector response for a number of cycles to measure the transfer time.
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Fig.(2.4b) Detector response as the neutron source moves from shielded to 
irradiation position.
The Ge(Li) detector used in this study was warmed-up when the detector was 
left without liquid nitrogen for a few days when the floor surface of the laboratory 
was being relaid and a test of the detector output showed no signals. On site redrifting 
was tried, but it was not successful. The detector was sent to one of the commercial 
companies to be redrifted. The characteristics of the redrifted detector are described 
here :
The energy resolution of the detector (FWHM) was measured for different energies 
using different standard sources. Figure (2.5) shows the variations of the resolution 
with energy. The resolution of a detector is usually quoted for the 1.332 MeV peak 
of the 60Co source. At this energy the resolution was found to be 2 ± 0.04 keV. This 
value is comparable to the resolution measured for the same detector (2.12 ± 0.14 
keV) before being drifted by Nicolaou [NIC83]. Figure (2.6) shows the variation of 
FW HM / (which is due to the statistical spread in the number of collected information 
carriers) versus the gamma energy. The gradient of the line was used to calculate the 
detector Fano factor (F); F was found to be 0.14 ± 0.02. Measurement of the Fano 
factor in Ge(Li) detectors of 0.132 ± 0.008 and 0.129 ± 0.003 were reported by Bilger 
[BIL67] and by Sher and Pate [SHE69] respectively.
It is also important to have a precise figure for the detector efficiency, since not all 
the gamma quanta emitted by the source are necessarily detected, some of which will 
be out of the detector view, others might strike the detector and deposit only part of 
their energy. At low energy the detector efficiency is small due to the attenuation in 
the window material (made of aluminium in our detector) while for energies greater 
than 100 keV the gamma-rays can penetrate the casing and deposit energy deep in the 
crystal. For energies >0.5 MeV, the efficiency decreases due to the substantial 
reduction in the photoelectric cross section and at energies >5 MeV, the efficiency 
becomes very small and it may be preferable to detect these photons through the 
single and double escape peaks arising from pair production. The absolute efficiency 
of any detector is usually expressed relatively to a 76.2 mm x 76.2 mm Nal(Tl)
2 .1 .4  - C h a r a c te r is t ic s  o f  th e  G e(L i) d e te c to r  u s e d
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Fig.(2.5) Variation of Ge(Li) detector resolution with energy.
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Fig.(2.6) Variation of FWHMS2 with the incident gamma-ray energy.
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Fig. (2.7b) Variation of the intrinsic efficiency of the Ge(Li) detector with energy 
at source-detector distance of 250  mm using y-ray point sources.
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detector with a point source at 250 mm. It was found that the detector relative 
efficiency was 10.8 ± 0.2 % for 60Co, Ey = 1332 keV at 250 mm (source-detector 
distance). Figures (2.7a and b) show the variation of the absolute and intrinsic detector 
efficiencies with Er  respectively.
2.1.5 - Detector positioning and shielding
o./<?
Since the detector is placed very proximal to the neutron source (prompt 
analysis case), sufficient neutron shielding material should be provided to avoid any 
damage created within the detector crystal and to reduce the interaction of neutrons 
with germanium nuclei. The former results in the degradation of the detector 
resolution, while the latter gives rise to many gamma-ray lines resulting from the 
decay of several isotopes of the germanium nuclei in the detector which may interfere 
with the photopeaks of the elements of interest. It is also necessary to shield the 
detector from the dynamic gamma-ray background originated from the neutron source 
and the shielding materials. Hence different materials are involved in the shielding of 
the detector.
a) - Shielding from neutrons
The protection of the detector from neutrons was achieved with the use of 
lithium carbonate(Li2C 0 3), boron clay and paraffin wax, Figure (2.8). The boron clay 
was used to reduce the number of neutrons which interact with hydrogen atoms in 
water, and also to decrease the number of neutrons which travel towards the detector. 
Although boron seems to give better shielding due to its larger thermal neutron 
microscopic cross section which is about 3837 b for the reaction 10B(n,a)7Li compared 
to lithium, it has the disadvantage of emitting the 477 keV prompt gamma-rays which 
are Doppler broadened and provide a Compton scattered background to peaks of 
interest at lower energies. Paraffin wax was used to provide more shielding through 
the distance between the source and the detector. A perspex cap filled to 15 mm 
thickness of natural Li2COs powder was placed in front of the detector window, to
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reduce the number of neutrons scattering from the sample towards the detector. 6Li in 
natural lithium with an abundance of 7.42 % is the only contributor to the 
macroscopic capture cross section of natural lithium due to its high thermal cross 
section 953 b for the 6Li(n,a)3He reaction. However, it has the disadvantage of also 
attenuating the useful gamma-rays from the sample. It was found experimentally that 
a 10 mm thickness of Li2C 0 3 would attenuate 55% of the thermal neutrons, and would 
also attenuate the useful gamma-rays. For instance, the 662 keV and 1173 keV were 
attenuated by 8.2 % and 5.3 % respectively using the same thickness.
It was realized since the beginning of this study that a large fraction of 
neutrons still travel towards the detector. A perspex box, filled with Li2C 03, with a 
perspex tube of 50 mm diameter through its centre to allow neutrons to pass through 
was made to reduce the effect. This box works also as a neutron collimator. However, 
its presence has the disadvantage of lowering the neutron flux at the irradiation 
position, since the minimum sample to neutron source distance is increased by the 
thickness of the box.
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Neutron source
Water
EjMil Boron loaded clay 
■ H  Lithium carbonate 
E-s&s-j Lead
Paraffin wax
\
Detector
Fig. (2.8) Geometrical configuration of the experiment
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b) Shielding from photons
Lead was chosen as the best material for this purpose, since it has a high 
photon attenuation coefficient, and is a relatively low cost material. The detector was 
inserted into a lead cube of 50 mm thickness to reduce the dynamic gamma-rays 
generated from the source itself and from the shielding material and components. The 
main sources of gamma-rays had energies of : 0.060, 4.44 MeV, 7.65 MeV from the 
neutron source itself, 0.477 MeV from neutron capture in the boron clay shield and 
2.222 MeV resulting from neutron capture by hydrogen nuclei in water. In addition 
there were gamma-rays resulting from the interactions of neutrons with other shielding 
material and compounds. All these gamma-rays tend to increase the background 
continuum and interfere with gamma-rays of interest in the spectrum. A lead 
collimator of 70 mm thickness and 20 mm diameter aperture was also placed in front 
of the detector to avoid gamma-rays coming from anywhere but the sample.
2.1.6 - Gamma-ray and neutron doses arising from the neutron source
All possible means should be taken to keep the radiation dose to the 
experimenters to a minimum, the ALARA (As Low As Reasonably Achievable) 
principle or at worse less than the recommended annual dose limit for radiation 
workers (50 mSv/yr). The dose rate in controlled areas should not exceed 7.5 pSv/h. 
Practice has shown that with appropriate procedures and precautions, INAA can be 
performed with very low radiation doses to the researchers. Safety factors such as : 
distance from the source, time of exposure and the use of appropriate shielding 
materials should be taken into account. In addition by automating the irradiation and 
acquisition aspects, and proving performance is reliable, certain experiments once 
started can be left unattended. Although the neutron source in our facility is 
surrounded with adequate shielding materials, neutrons and gamma-rays (as a result 
of neutron capture in the hydrogen atoms of the water shield) still escape from the 
facility, resulting in a dose in the laboratory. Hence dose measurements are essential 
in order to estimate the magnitude of doses to which researchers are exposed. A dose
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survey was first performed by [MAT79] and by subsequent researchers as the facility 
was modified. With the changes introduced in the facility in terms of shielding for this 
work, dose measurement was necessary. Neutrons and photons are the main 
contributors to the total dose rate, and due to the difference in the relative biological 
effectiveness, the evaluation of the dose rate was performed separately.
2.1.6.1 - Dose rates from neutrons
With the knowledge that neutrons produced by the 241Am-Be source cover a 
wide range of energies from thermal to 8 MeV (see Figure 1.3) and with the 
dependency of neutron cross sections on energy, a number of types of interactions 
may occur forming a complex series of events. Calculation of the dose rate around the 
facility therefore requires Monte-Carlo methods which have been adopted in computer 
codes such as the MORSE code [EMM85] and the MCNP code [MCN79], accounting 
for the transport of neutrons as well as photons resulting from neutron capture in 
hydrogenous materials. However, the MORSE code had not been implemented at the 
time of this work in the department (It has now). The estimation of the dose rate from 
fast and thermal neutrons was therefore performed as follows :
- Fast neutrons
The calculation was performed twice; the first was based on the assumption 
that all emitted neutrons have an energy of 8 MeV energy which is the uppermost 
energy of the emitted neutrons from the Am-Be source. This assumption was made, 
because the dose equivalent per unit neutron fluence increases with increasing energy, 
and hence, in practice the dose rate would not be expected to be in any way higher 
than that calculated. The other calculation was based on the assumption that all 
neutrons have the mean energy (4.5 MeV) of the emitted neutrons. This calculation 
was made because one may argue that using 8 MeV neutrons would overestimate the 
calculated dose significantly. The formula used for the calculation of the neutron flux 
at a distance l* from the source is given by :
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0  = (T ota l em ission  rate) e s‘r (2.1)
4  n r2
Where £ tis the macroscopic removal cross section, Xt(H20 ) is equal to 0.010 mm'1 and 
0.0154 mm"1 for the 8 MeV and 4.4 MeV neutrons respectively calculated using the 
Mixture Rule; and the total emission rate was taken to be l . lx l0 7n/s.
Vertically, at the surface of water which is about 300 mm away from the 
neutron source, the 8 MeV and 4.44 MeV neutron fluxes were calculated using 
Eq.(2.1) to be 48 n/cm2.s and 10 n/cm2.s corresponding to dose equivalent rates of 
about 71 |±Sv/h and 14 pSv/h using the approximate conversion factors at 8 MeV and 
5 MeV respectively [KN079].
Horizontally, where the distance from the source to the surface of the tank is 
750 mm, the 8 MeV and 4.4 MeV neutron fluxes were found to be 0.04 n/cm2.s and 
0.0015 n/cm2.s, which correspond to dose equivalent rates of 0.059 pSv/h and 0.002 
pSv/h using the approximate conversion factors for 8 MeV and 5 MeV, respectively.
- Thermal neutrons
The dose rate calculation due to thermal neutrons needs the understanding of 
the concept of lethargy and mean free path lengths between collisions. The elastic 
scattering of a neutron with a nucleus of atomic weight A causes a reduction in 
neutron energy from E0 to E. The average lethargy loss, £, by a neutron in a collision 
with a nucleus of atomic weight A is given by [KAP79]:
The average lethargy loss in a mixture or a compound, ^  is given by [BEN89]:
Where Nt is the number of atoms per unit volume of the mixture of each element i
(2.2a)
_  s  N t osi et
£ =  ------------
?  N i
(2.2b)
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Therefore, the average number of collisions needed to slow down a neutron 
from E0 to E is given :
and o si is the neutron microscopic scattering cross section of the element i.
The number of collisions needed to slow down a neutron from 8 MeV to 0.0253 eV 
is 20 in hydrogen and 163 in oxygen. However, since in water there are twice as many 
hydrogen atoms as oxygen atoms per unit volume, the number of collisions needed to 
thermalize 8 MeV neutrons in water was found to be 26 using Eqs.(2.2b and 2.3).
The distance travelled by a neutron in the slowing down process can be 
calculated by considering the mean free path length, Lm , between collisions :
Where P(L)dL is the probability of a collision between L and L+dL and is given by:
The mean free path length for energies between 8 MeV and 0.0253 eV was found to 
vary between 100 mm at 8 MeV to 1.8 mm at 0.0253 eV in water. A reasonable 
estimated average vaiue was assumed to be 30 mm. Therefore the distance travelled 
by 8 MeV neutrons in slowing down to thermal energies was calculated to be 780 
mm. This was calculated by finding the product of the mean free path length between 
collisions and the mean number of collisions needed to reach thermalization. With the 
knowledge that neutrons follow random paths in slowing down, a value of 300 mm 
can be assumed as the distance travelled by a neutron in any given direction from the 
point of the initial interaction, and the exception is for 8 MeV neutrons which undergo 
collisions for the first time in the last few centimetres near the tank surface.
The mean free path length in water for the thermal neutrons before capture was 
calculated (using the Mixture Rule) to be 900 mm. An estimate was given that a
„ _ In (E0 / E )
ft (2.3)
P(L) dL  « e ~S'L S t dL (2.5)
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thermal neutron would not travel more than 100 mm in any particular direction due 
to the random path they follow.
For the 8 MeV neutrons which undergo collision for first time at say 100 mm 
from the tank surface will be thermalized, but probably not captured and therefore will 
diffuse out of the tank. Consequently an estimation for the thermal neutron flux at the 
tank surface may be the same flux of 8 MeV neutrons at a distance of 100 mm from 
the surface tank. Using the conversion factors as before, the dose equivalent rate due 
to thermal neutrons at the tank surface was calculated to be less than O.OlpSv/h.
A survey of the neutron dose rate was undertaken using a (NE2600 neutron 
monitor) placed at the source plane level when the neutron source was at the 
irradiation position, Figure (2.9a) and with the neutron source at the shielding position, 
Figure (2.9b).
2.1.6.2 - Dose rates from gamma-rays
There are two main sources of photons which contribute to the overall dose rate 
in the laboratory. The first originates from the neutron source itself, i.e. the 60 keV 
photons from 241Am isotope and the 4.44 MeV of the first excited state of carbon 
resulting from the reaction 9Be (a,n)12C. Both the 60 keV and 4.44 MeV were 
calculated to be attenuated by 100 percent and 93 percent, respectively, in traversing 
the 750 mm water shielding. The second originates from the interaction of neutrons 
with the hydrogen nuclei of the water shield resulting in the production of 2.22 MeV 
photons. This is the main constituent of the photon dose rate, since the interaction may 
occur in any position in the water tanks. The high penetration of these gamma-rays 
and the possibility of neutron interactions occurring close to the water tank surface 
resulted in the escape of these radiations out of the tank contributing in the total dose 
around the facility.
The gamma-ray dose rate survey around the facility was carried out using a 
portable doserate meter (NE PDM1) placed at source level. It was carried out with the 
neutron source at the irradiation and shielded positions as shown in Figure (2.10a) and 
Figure (2.10b), respectively.
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Fig.(2.9a) Neutron dose rate survey when the source is at the irradiation position 
using NE2600 neutron monitor.
Fig.(2.9b) Neutron dose rate survey when the source is at the shielded position 
using NE2600 neutron monitor.
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Fig.(2.10a) Gamma-ray dose rate survey when the source is at the irradiation position 
using (NE PDM1) gamma-ray dose rate meter.
Fig.(2.10b) Gamma-ray dose rate survey when the source is at the shielded position 
using (NE PDM1) gamma-ray dose rate meter.
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2.2 - NEUTRON FLUX MEASUREMENTS
2.2.1 - Introduction
Neutron sources such as nuclear reactors, isotopic sources and spontaneous 
fission sources produce neutrons which cover a wide range of energies. With the 
dependency of neutron cross sections on energy, these neutrons can take part in 
different nuclear reactions, for example (n/y), (n,p) and (n,nv). It is therefore essential 
to take the neutron energy spectrum into account. However, for some processes such 
as radiative capture it is sufficient to use simple approximation for the neutron 
spectrum; for other processes detailed knowledge of the energy spectrum may be 
required.
The neutron energy spectrum may be divided into five regions according to 
[LAP72]: 1 - Cold neutrons : En < 0.002 eV;
Where En is the neutron energy.
At room temperature (20.44°C), the energy spectrum of thermal neutrons can 
be described by a Maxwell- Boltzman distribution with a mean energy of 0.0253 eV 
and a most probable velocity of 2200 m/s. A thermal neutron flux d>[h is defined as 
the product of the most probable velocity (v) and the neutrons density i.e. the number 
of neutrons per unit volume (n). In the thermal region of the neutron spectrum, the 
speed of the neutrons is distributed according to the Maxwellian distribution and the 
neutron density as a function of velocity is written [IAE70] as follows :
2 - Thermal neutrons : En = 0.0253 eV;
3 - Slow neutrons : 0.03 < En < 100 eV;
4 - Intermediate neutrons : 100 eV < En < 10 keV;
5 - Fast neutrons : En > 10 keV.
(2.7)
0
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Where nUl is the total neutron density; m is the neutron mass; T is the absolute 
temperature of the medium; and k is Boltzman’s constant.
The neutron flux as a function of energy is given by :
E
0 (E )  = 0 th - — e  kT* (2'%)
th (kT)2
Where :
®ti = \<b(E)dE (2.9)
and ®(E) dE is the flux in the energy interval between E and E+dE 
The most probable velocity can be derived as :
2 kT \1/2
m
(2.10)
Which corresponds to an energy of :
~ m v 02 = k T  (2.11)
For many purposes it is adequate to define a conventional thermal flux as the product
of the most probable neutron velocity (v0 ) taken at 2200 m/s and the total neutron
density, n^ , as :
<Pth = nth v0 (2J2)
The cross sections required for use with this conventional flux are the cross sections 
at 2200 m/s and are tabulated in the literature, e.g. [IAE87].
The neutron spectrum is a continuous function of energy and there are no clear 
lines that define the different energy regions. However, practically, it has been 
customary to use an effective cut-off energy determined by the spectrum of neutrons 
which is transmitted through a cadmium filter; such a cut-off varies with the shape of
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the spectrum and the thickness of the filter; all neutrons having energies lower than 
the Cd cut-off energy being called "sub-Cd" while those higher than the cut-off are 
called "epi-Cd".
2.2.2 - Neutron flux conventions
There are many neutron flux conventions presented in the literature, the most 
general being one where both thermal and epithermal neutron contributions are 
considered significant. The commonly adopted ones, are those of Wescott [WES55] 
and of Stoughton and Halperin [ST059], since they consider the possible deviations 
from the g ( v ) «= 1/v dependence in the low energy region, others such as H0gdhal 
[H0G65] does not. A brief description of the conventions is given in this section.
2.2.2.1 - Wescott convention
Although there are no real boundaries in the energy spectrum of neutrons, and 
the thermal and epithermal neutrons overlap, Wescott [WES55] suggested that the 
resonance flux goes to zero at five times the energy Em corresponding to the 
Maxwellian temperature, T, i.e Em = kT = 1/2 mvra2 (vm being the most probable 
neutron velocity and m being the neutron mass). At this point the thermal flux is very 
low because of the rapid decrease in the Maxwellian function with energy; about 1.9% 
of the Maxwellian neutrons lie above 5kT.
The reaction rate per nucleus (R) according to his convention is given by :
*  = <bG = <J>* g 0 (g(T) + r (T/T0 )m S0) (2.13)
Where :
d>th = nv0; where n = total neutron density; v0 = neutron velocity at 2200 m/s;
G0, G = thermal neutron cross-section at 2200 m/s and the effective neutron cross 
section, respectively.
g(T) is departure of the cross section from the "1/v law" in the thermal region; values
of g, the "Wescott factor" for various materials at different temperatures T are
tabulated [WES 60].
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r(T/T0) indicates the relative.', strength of the epithermal neutron flux and is 
determined with the knowledge of the cadmium ratio of a monitor nuclide. It equals 
zero for a pure thermal flux.
Where : Rcd is the cadmium ratio, T is the moderator temperature in K; T0 = 293.6 
K and S0 is the departure of the neutron cross section from the " 1/v law" in the 
epithermal region.
2.2.2.2 - Stoughton and Halperin
According to this convention [STOS9], the general reaction rate per nucleus 
for a substance at high dilution or in a very small amounts including both thermal and 
epithermal (but not fast) reactions is given by :
Where :
4>lh . <&. are the thermal neutron flux and the epithermal neutron flux per unit InE, 
respectively;
a 0 , I0 are thermal neutron cross section at 2200 m/s and the resonance integral, 
respectively.
Where :
r(T/T0) = K
E„ 1/2
[(Rcd-l)S 0 + 4 g R J - f . )  ]
(2.14)
R  - *th(8°o) + *Jo - *th°th + *Jo (2.15)
(2.16)
with
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to = /  ° ( E ) f )  , I 0 = / (2.27)
The integrals I0'  and I0 are called the infinitely dilute resonance integrals, the 
difference depending on the lower limit(i.e. 5Em or Ecd) ; (I0'- I0) represents the 
contribution to the cross section olh from neutrons in the energy interval 5Em to Ecd.
2.2.2.3 - Hogdahl convention
The H0gdahl convention [H0G65] was adopted in this study due to its 
simplicity, and due to the fact that the large majority of analytically interesting (n,y) 
reactions are independent of neutron temperature (i.e. g(T) = 1). The reaction rate 
according to this convention is given by :
Where : is the subcadmium neutron density;
I0 is the infinitely dilute resonance integral for a 1/E spectrum.
With the changes in the neutron spectrum, due to the absorption within the 
irradiated sample, H0gdahl introduced an average thermal neutron density within the 
irradiated sample (nth) and an effective resonance integral (Ieff), and Eq.(2.18) can be 
rewritten as :
The convention can be applied for nuclides which obey the 1/v law in the low energy 
region up to the Cd cut-off energy.
R  = nG*yooo + V o (2 .1 8 )
With
(2 .1 9 )
R  = n thvoao +
(2.20)
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2.2.3 - Cadmium ratio
The cadmium ratio, Rcd is defined as the ratio of the activity induced in 
a bare detector such as gold and indium to the activity induced within the same 
detector when a cadmium shield is interposed to absorb thermal neutrons. Cadmium 
has a veiy high neutron absorption cross section in the thermal region. With a certain 
thickness, neutrons below a particular energy Ecd would be absorbed and above which 
can be transmitted. Hence the original conventional thermal flux equation (2.12) would 
be modified to :
*th = n cdvO <2 M >
Where ncd is the total neutron density within the [0 " Ecd) energy interval.
If the induced activity in the bare detector denoted by Alol in which both the thermal 
and epithermal neutrons are contributing to it, and the induced activity under the 
cadmium cover is denoted by Aepi which is only as a result of epicadmium neutrons, 
then the cadmium ratio is given by :
R cd = (2.22)
epi
The difference between activities Alot and Aepi are due to the neutrons that are captured 
in the cadmium when irradiation is taking place under the Cd cover. These neutrons 
are considered as having an energy lower than the Cd cut-off energy.
2.2.4 - Correction factors considered in flux measurements
A correction for flux perturbation is needed when neutron fluxes are measured 
by activation foils. A number of authors discussed the problem of calculating the flux 
perturbations which occur when a sample is inserted in a neutron field. Foil activation 
is one of the techniques commonly used to measure neutron flux, and the problems 
of flux perturbation by these detectors has been considered by many investigators 
[SOL60].
The resulting count rate of an irradiated foil should be corrected in order to
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obtain the counts proportional to the unperturbed flux. The flux perturbation is actually 
a result of three factors which can be computed separately and are combined to obtain 
the actual "attenuation" of the neutron flux :
- Neutron self-shielding
- Flux depression
- Foil edge effects
However, if a foil is irradiated in air for example, then a vanishingly small number 
of neutrons passing through the foil are scattered back through the foil again, the 
incident flux is not perturbed by the foil and the only effect is that of "self-shielding" 
[HAN63].
2.2.4.1 - Correction for self-shielding
This effect is due to the fact that the outer layers of an absorbing foil reduce 
the neutron flux irradiating the interior of the foil. The self-shielding factor is defined 
as the ratio of the average flux (®) in the sample to the flux at its surface (<J>S). With 
reference to Figure (2.11), the self-shielding factor (G) is given by :
G  = —  (2 .2 3 )
In general cases, the self-shielding factor can be calculated using the space and 
energy- dependent neutron transport equation in both the sample and the surrounding 
medium. However, assumptions can be made which allow (G) to be estimated 
sufficiently well to assess the magnitude of the correction. Firstly, neutrons can be 
treated as monoenergetic, so that the neutron cross section and the geometry become 
separable. Secondly, the neutron field can be treated either as isotropic or as a parallel 
beam.
Thermal self-shielding
Self-shielding of thermal neutrons can be computed for samples of different 
geometries based on the assumption of having monoenergetic or thermal neutrons, 
homogeneous samples and the thermal absorption cross section should be large
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compared to the scattering cross section. Some formulae were presented [REY63] for 
different geometries :
For a foil,
0.923 * I n f  fo r
Tj
fo r  t  > 3.50.5
(2 .2 4 )
Where : % is the thickness of the foil in mean free paths.
For the range of (0.1 < % < 3.5) Helm [HEL63] presented tables from which GUlcan 
be derived.
For a sphere,
Where :
GUi: thermal neutron self-shielding factor;
T = not (for foil), nor (for wire), 2nor/3 (for sphere); 
n = atomic density (atoms / volume); 
o  = microscopic thermal neutron cross section; 
t = foil thickness; 
r = radius.
Fleming [FLE82] presented self-shielding factors for samples of simple geometries, 
placed both in isotropic and beam neutron fields, and argued that the total removal 
cross section should be used in the case of neutron beam experiments.
G th = i  -f  * (2 .2 5 )
or a wire,
(2 .2 6 )
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Fig. (2.11) Flux depression and self-shielding effects. 
Resonance self-shielding
Baumann et al [BAU65] have given the self-shielding factor (Ge) as :
Where B0 and Bl are the modified Bessel functions of the first kind.
Brose [BR062] has reported data of self-shielding for gold detectors. In the 
theoretical calculations the contributions from 56 resolved resonances and also from 
the unresolved resonances have been taken into account. The following approximation 
for the epithermal self-shielding (Ge) is given by Brose :
valid for the range 15 < (S/M)1/2 < 50 (mm gd*) ; where S is the foil surface area 
(mm2); and M is the foil mass (g).
r r
G, =e~* B0( j )  + B / j ) (2.27)
(2.28)
With
a = 0.0273 * 0.0012 ; 
b = 0.541 * 0.004 (glf2mm~l)
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2.2A.2 - Correction for neutron flux depression
This effect occurs with the insertion of a foil detector in a medium, and as a 
result of the neutron absorption within the foil, a depletion of neutron flux around the 
foil follows. Hence flux depression is defined as the ratio of the flux at the surface of 
the sample placed in the medium (<X>S) to the flux which would be present at the 
sample position if the sample were absent (d>0) :
H = — (2.29)
If a purely absorbing thin disc-shaped foil is inserted in a large isotropically scattering 
medium, in a flux of monoenergetic neutrons, the flux perturbation factor may be 
given as :
H =
1 * [ 1  -  E3
(2.30)
Where : y  is the ratio of the scattering to total macroscopic cross section, Es/Ft; 
g(y,T) is a function which depends on the parameters of the foil and the medium in 
which it is inserted in. A simplified numerical calculation has been reported [HEL63] 
for the g function; for a finite size foil of radius R the function gfyrt) is given by :
gs (y,x) = C r L )
I ;
r 2 R s
L ,\
-  K 2R (2.31)
Where L is the diffusion length and the functions C,S,K can be calculated as follow
y —
r X
L L Xy  -  +_
X X L
(2.32)
with
1-— (2.33)
10 Z,
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and
1
(2.34)
= 0.424x-0.125x2 + 0.028x3 for x < 1
= 1 -1.273[(1/x) ~{1/x3)] for x > 3
The expressions for S(x) have an error less than 1% [HEL63]. 
and finally
K(x,1) -  8Y L h &Z1k (x,1)
Y * 1
(2.35)
= 0.15 for x > 1
= 0.115x for x < 1
2.2A.3 - Correction for foil edge effect
This effect is due to the fact that neutrons which enter the foil from its edges 
tend to increase the induced activity. However, this effect can be neglected for the 
cases where the foil radius is much greater than the foil thickness.
Based on the assumption of irradiating disc shaped foils with monoenergetic isotropic 
neutrons, Hanna [HAN63] derived an approximation of the extra activity induced in 
the foil :
R is the radius of the foil; t is the foil thickness and % = Et; £  is the foil total 
neutron macroscopic cross section.
e (2.36)
Where :
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2.2.5 - Foil activation in flux measurements
A knowledge of thermal and epithermal neutron fluxes is essential to 
perform multi-element activation analysis without using standards. Absolute 
measurement of thermal flux is usually carried out either by observing the reaction 
rate of an element of known cross section or by basing the determination on 
thermalization of neutrons from a standard neutron source.
The neutron flux was measured observing the reaction rate using the activation 
foil technique. Gold foils with Cd-covers were used to obtain the neutron flux at the 
irradiation position. Masses of about 0.05g weight each, diameter of 9 mm and 0.004 
mm thickness were activated with and without Cd-covers (0.5 mm) thick at different 
points around the irradiation position. The neutron flux was measured in an area of 
(XY = 28 x 20 cm2 ) with a measurement of every centimetre interval, Figure (2.12) 
and with a minimum distance of 2 cm apart between any two foils to avoid the effect
-Par im jip/
on each other. The 411 keV y-ray from the induced activity of 2.7 days 198Au^by 
197Au (n,y) reaction, was measured by a Ge(Li) detector in an "off-line" arrangement. 
The stored data were transferred to the mainframe computer, and the full-energy 
photopeak area was calculated using a modified version of the SAMPO program 
[ROU69]. The calculated full-energy photopeak area together with the measured 
photopeak efficiency for disc foils were inserted in the activation equation Eq.(1.9) to 
find the thermal and the epithermal neutron flux values. Corrections for the self­
shielding and flux depression were considered using the formulae in section 2.2.4.
Neutron flux mapping was carried out at the irradiation position, Figure (2.12). 
Figures (2.13) and (2.14) show the variation of the thermal and epithermal neutron 
flux at the XY plane respectively. Figure (2.15) shows the corresponding variation in 
the cadmium ratio.
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Fiq.(2.12) Shows the irradiation position where neutron flux was measured.
Fig.(2.13) Thermal neutron flux distribution in the x-y plane at the irradiation 
position.
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Cadmium 
ratio 
(CD)
Fig.(2.14) Epithermal neutron flux distribution in the x-y plane at the irradiation 
position.
Fig.(2.15) Cadmium ratio variations in the X-Y plane at the irradiation position.
2.2.6 - Ge(Li) detector as a low neutron flux monitor
There are different methods of neutron flux measurement, the most popular 
being the one using foil activation which was used in this study. However, in low flux 
measurements this method may be impractical and long irradiation and measurement 
times are required. Instead semiconductor detectors can be used to monitor the flux. 
Recently, Ge detectors were used as low flux neutron monitors [CHU91]. In that 
study, the 596 keV prompt gamma-ray photopeak resulting from 73Ge(n,y) reaction and 
the 693 keV from 72Ge(n,n'y) reaction were used as an index of the presence of 
(thermal and epithermal) and fast neutrons respectively.
In in-beam experiments, for on line applications such as prompt gamma 
activation analysis, Ge detectors are widely used for gamma detection. While these 
detectors are primarily serving as gamma spectrometers, they might be used as neutron 
monitors in this gamma/neutron mixed field since they become irradiated by neutrons 
however good the shielding. Neutrons with various energies may interact with the 
detector crystal and induce some prompt gamma-rays in the spectrum of interest. 
Many peaks have been observed as a result of neutron interaction with Ge [BUN74], 
[CHA93], however, the most intense peaks are the 596 keV from 73Ge(n,y) and 
74Ge(n,n'y) reactions as well as the 693 keV gamma-rays from the 72Ge(n,n'y) 
reaction.
By using the net counts of the 693 keV full-energy photopeak, one can 
estimate the number of high energy neutrons to which the detector has been exposed 
and therefore serve as a check for neutron damage. It has been shown [STE72] that 
exposure of a p-type HPGe detector to a fast neutron fluence of about 109 n/cm2 is 
sufficient for the deterioration of its spectroscopic resolution. The detector becomes 
totally unusable after an exposure to a neutron fluence of 1010 n/cm2.
One can use a threshold detector to measure the absolute fast neutron flux at 
the detector position. Having a threshold energy of 0.7 MeV [LIS 69] for the reaction 
72Ge(n,n'y), the chosen detector should have a threshold around this figure. Then the 
count rate of the 693 keV photopeak can be converted to give the corresponding fast
68
Energy (keV)
Fig.(2.16) The prompt gamma-ray background spectrum shows the two 
photopeaks; the 596 keV and the 693 keV used to measure 
the neutron flux. [Irradiation live time = 62000s].
Table (2.1) Estimated thermal, epithermal and fast neutron fluxes exposed to the 
Ge(Li) detector with the effect of different samples at the irradiation 
position.
I Type of material at the 
irradiation position
t^h+epi (n/cm2.s) ± Err(%)+ <f>fast (n/cm2.s) ± Err(%)+
Empty container 38.2 ± 1.5 26.8 ± 1.4
Sawdust 47.5 ± 1.5 36.2 ± 1.3
landfill 48.8 ± 1.4 40.1 ± 1.2
Coal 55.0 ± 1.3 32.0 ± 1.3
Fly ash 64.8 ± 1.2 44.6 ± 1.2
+ Errors are only due to the uncertainty in the peak area.
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neutron flux.
The 596 keV and the 693 keV photopeaks, Figure (2.16), present in the 
collected prompt gamma-ray spectra were used to estimate the neutron flux to which 
the detector had been exposed. The (thermal & epithermal) and the fast neutron fluxes 
were firstly estimated from the background prompt gamma-ray spectrum which was 
found to be 38 ± 0.6 and 27 ± 0.4 n/cm2.s, respectively. With the presence of different 
samples at the irradiation position, there are different additional number of neutrons 
travelling towards the detector scattered by these samples depending on the density 
and the scattering and absorption neutron cross-sections of each sample. The 
maximum (thermal & epithermal) and fast neutron fluxes to which the detector was 
exposed were 65 ± 0.8 and 45 ± 0.4 n/cm2.s, respectively. The associated errors were 
measured from the uncertainties in the full-energy photopeak area only. The neutron 
macroscopic scattering cross sections of sawdust, landfill waste, coal and fly-ash 
samples were calculated using their major constituents and found to be 0.42, 0.59, 
0.78 and 0.91 barns, respectively. This calculation was in agreement with the neutron 
fluxes measured at the detector position when these different samples were placed at 
the irradiation position, one in a row, Table(2.1). If the detector used in this study 
were to be exposed to the maximum fast neutrons » 45 n/cm2.s to perform gamma-ray 
spectroscopy, it can be used for dual purposes as both a gamma-ray spectroscopy 
system and a neutron monitor for about 60000 h before breakdown of the detector.
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CHAPTER 3
GAMMA-RAY SPECTROSCOPY OF VOLUMINOUS SAMPLES 
"EVALUATION OF THE ABSOLUTE EFFICIENCY"
3.1 - INTRODUCTION
To perform gamma-ray spectroscopy of voluminous samples with different sizes, 
shapes, orientation, and distances to the detector as well as different composition as 
is the case in Instrumental Neutron Activation Analysis (INAA), correction factors 
should be taken into account in order to obtain accurate determination of elemental 
concentrations.
In Prompt Gamma Neutron Activation Analysis (PGNAA) for example, there are 
different effects which may hamper correct evaluation of the peaks in the recorded 
spectrum. First, the neutron attenuation in the sample affects the number of 
interactions taking place with depth. Second, the self-attenuation of gamma-rays within 
the sample, especially at low energies, results in a smaller number of counts to be 
recorded in the full-energy photopeak and finally photons emitted from different 
positions in the voluminous sample produce different detector responses.
These effects are generally minimized by keeping the sample size small and 
concentrating on the measurement of gamma-rays with energies above 100-200 keV. 
However, small sample sizes sometimes may not represent the whole material from 
which they were taken, and hence there is an increased demand for developing 
methods analysing bulk samples directly.
The method adopted here is based on the comparison of voluminous samples with 
a point source, and describes to what extent the number of photons of a given energy 
finally recorded by the detector is affected by the spatial distribution of the activity,
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the neutron-gamma attenuation within the sample and the gamma attenuation in the 
detector. There is no assumption regarding source size, shape, orientation, source-to- 
detector distance and source matrix composition, it is though assumed that the 
radioactivity is homogeneously distributed within the source, moreover the 
composition and the density are uniform as well. The calculations require only readily 
available data like the dimensions of the detector and its viewing field at certain 
distances, the sample-detector relative positions, the sample total macroscopic neutron 
cross sections and the gamma-ray attenuation coefficients for the crystal detector and 
the sample material for the gamma-ray energies of interest.
For the general purposes of gamma spectroscopy, several groups have proposed 
different mathematical calculations or semi-empirical methods for correcting the 
attenuation and/or geometry effects. A few examples are discussed here. Mathematical 
calculations for self attenuation correction were used, and only the gamma-rays 
entering the face of the detector were considered [JAE90]. However, this treatment is 
valid only when the sample dimensions are very small compared to the detector’s 
crystal dimensions and /  or when the source-detector distance is large. Corrections for 
both self attenuation and extended sample geometry (large cylinders and Marinelli- 
beakers) were evaluated numerically and two separate efficiency functions were used 
for the Marinelli-beaker geometry; one for gamma-rays entering from the top surface 
of the detector and the other for gamma-rays entering through the cylindrical side of 
the detector [ZIK88], [ZIK89]. A rather more general model which accounts for 
neutron and gamma-rays in 14 MeV NAA has been presented [TAZ77], where the 
effect of the variation of the detector’s response function over the source volume has 
been taken into account. Although only the photons entering from the face of the 
detector were considered, this model can be used in the experiments where the 
detector is collimated e.g. in-beam experiments.
The expression corresponding to the number of counts N for the coaxial-target 
irradiation, Figure (3.1) is given by :
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N  = c. f  ( ji/r j e hz" dJr'>' f  e l~d“d' ,r‘ ,n ;;£(r0 ,Q ,|V  c0^ n  .dS) ds d v  (3J)
dV *rtr r2(r0 &  )
Where:
dV = element of the sample volume, 
dS = element of the detector surface.
Sd = front surface of the detector.
Xeff = effective neutron attenuation coefficient of the sample material,
<t>0 = neutron flux density in dV for a sample not interacting with neutrons. 
ct = constant,
r0 = position vector of the element dV,
dn = thickness of the sample layer between dV and the sample surface in the direction 
of r0,
|±eff = effective gamma-ray attenuation coefficient of the sample material,
dy = thickness of the sample layer between dV and the sample surface in the direction
of £2,
Fig.(3.1 b) Counting geometrical configuration where only photons 
through the sample base were considered [TAZ77].
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(Q,dS) = angle between Q and the vector dS of the element detector surface, 
e = Absolute detection efficiency.
r(r0,Q) = distance from dV to the point of the penetration of the photon into the 
detector.
A similar approach was adopted here where only the photons entering the 
detector through its face were considered since the detector was collimated. The 
neutron attenuation within the sample plus the gamma-ray attenuation within the 
sample and the detector were taken into consideration. The combination of the 
integrated flux and the detector response over the sample volume would give the 
volume of neutron interaction, within the sample, and from which the gamma-rays 
emitted would be detected.
Since the intention was to analyse bulk samples, which may take different 
shapes, the dimension of the volume of the material being irradiated and the one being 
detected cannot be known accurately, therefore the calculation of the solid angle 
subtended by a collimated detector for sources of irregular shapes was anticipated, 
which in turn would be used to calculate the detector absolute efficiency of these 
voluminous sources.
3.2 - SOLID ANGLE CALCULATIONS
3.2.1 - Theoretical concepts
An accurate knowledge of the solid angle presented by a radioactive source 
(sample) to a detector is essential in many situations in radiation physics where 
absolute rather than relative measurements are to be carried out. It is important to 
determine the fraction of the radiations emanating from a source, which is directed 
towards the face of the detector. This fraction, commonly denoted as the "geometry 
factor", Fg is defined as FG = Q/4n (for isotropic sources), where Q  is the solid angle 
subtended. The general definition of solid angle Q, [MAS56], subtended by a detector
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XFig.(3.2) Solid angle diagram, 
at point P whose position vector is rp is :
a p  = f n  I Z-ZIp L  ds (3.2)
Js I r ~ rp I
Where T  is the variable position vector of the surface element dS "visible" at P. n is 
the unit vector normal to dS pointing away from P (the angle between n and 7  - 7p 
is always less than or equal to n/2) and S is the surface of the detector over which the 
integration is to be performed, Figure(3.2).
3.2.2 - Review of previous work
Several authors have proposed analytical computation techniques for the 
evaluation of the solid angle for many different source-to-detector geometries. 
Approximate solutions can be obtained either by series expansion or by numerical 
integration or using other approximations [MAS56], [GAR69], [GAR71], [OBL71], 
[COO80]. A completely different approach is to evaluate the solid angle using the 
Monte-Carlo technique. Workers such as Williams [WIL66], Belluscio et al [BEL74]
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and Carchon et al [CAR75] have adopted this method.
For simple geometries in which point sources are involved, the quantities 
involved are very straightforward and can be performed analytically. For the special 
case in which the point lies on the axis of the detector, a close form evaluation of the 
integral is possible and the solid angle is given by :
a  = 2*r [  1 -  ( 1  + j  (3.3)
Where R is the radius of the detector and D is the source-detector distance. In the 
case of complex geometries, the analytical method is time consuming and sometimes 
cannot solve the problem, and this is when the Monte-Carlo method can be used to 
cope with many different source-to-detector geometries. However, the result has an 
associated error which decreases with the increase of the number of particles 
generated. Williams[WIL66] has written a computer programme which evaluates the 
solid angle subtended by a disc detector to a disc source, both of which are located 
on the same axis, using the Monte-Carlo technique. Bonnet et al[BON67] developed 
an alternative programme for the same purpose to give a better variance than 
Williams’s work. Belluscio et al[BEL74] modified the solid angle values when the 
source and detector heights were simultaneously considered and suggested a method 
to evaluate the self-absorption in the source. Horowitz et al[HOR75] calculated the 
solid angle and the self absorption for an inclined cylindrical source viewed by a 
cylindrical detector. Wielopolski[WIE77] has presented a simple programme to 
calculate the solid angle for point, disc, and cylindrical sources using Monte-Carlo 
techniques. Nicolaou [NIC83] found out the solid angle subtended by a collimated 
detector for isotropic point sources. Two cases were studied : (a) in which the point 
source is located above the collimator aperture at P and P < RC as shown in Figure
(3.4) and (b) the point source is located above the aperture and P > RC Figure (3.5). 
Furthermore, the solid angle subtended by a collimated detector for a thin disc source 
with its centre located on the axis of the aperture has also been evaluated. Khrbish
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[KHR87] and [NIC86] studied the effect of the target orientation and size on the solid 
angle, the solid angle was evaluated for cylindrical and disc sources. The effective 
solid angle was also found by considering only the attenuation in the source material 
and in the detector canning material. The contribution of collimator edge penetration 
was also considered [ASH92]. In this study, the same method was adopted to cope 
with sources of irregular shapes.
3.2.3 - Solid angle subtended by a collimated detector for an irregularly 
shaped bulk source 
a) For homogeneous sources
A Monte-Carlo simulation programme which utilizes a total variance reduction 
method has been developed to calculate the effective solid angle subtended by a 
collimated detector for bulk samples of any shape with the assumption that the sample 
covers the detector view. A view from a bore hole collimator detector forms a 
sectional conical shape Figure(3.3b). Allowing the assumption to hold, only the 
photons emitted from the sample will directly strike the detector window through the 
collimator aperture, while the other photon emitters which are not in the detector’s 
view will not be directly detected. If the sample is smaller than the view of the 
detector, then the sample shape should be accurately known.
The number of emitted photons and their directions were randomly generated 
using a random number generator, and the path lengths of the photons in the source 
and the detector were determined. Using these path lengths in the photon absorption 
law allows the calculation of the photon fraction of a certain energy that is absorbed 
in the source and the detector. The variable position of the generated disintegration, 
Figure (3.3a) is given by :
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Z  = S L .  ( X I  - 0 . 5  ) (3.4)
RS = ( CH  + Z) . tan ( CANG ) rt.5)
R l  = RS . fX 2  (3-6)
P = 2 . TI . X3(3.7)
Where :
X I, X2 andXi are three independent random numbers equi-distributed in [0,1], 
RS is the cone radius at a given distance(Z) from the centre of the source, and CH is 
the cone height from the cone apex to the centre of cone section. CANG is the cone 
half angle.
The general formula which calculates the variable position of the selected point 
of disintegration relative to the detector axis for a conical source of arbitrary angle of 
inclination 8 and source displacement DIC off the detector axis, Figure(3.3a), is given 
by[ASH90] :
P  = [(  R l . cos ( p ) )2 + ( DIC + R l . sin ( p ) . cos ( e ) )2+
( Z  . sin ( e ) )2 -  2 . R l . Z . sin ( p ) . sin ( e ) .  cos ( e ) ] 2
(3 .8 )
and
H  = H O  + R l  . s in  ( p  ) .  sin  ( e  ) + Z  . cos ( e <3-9) 
Considering spherical co-ordinates, the emission into a solid angle dQ within a 
unit sphere is given by :
dQ  = sin  ( 6 ) . d d  . d a  (3.10)
Where 0 and a  are the longitudinal and horizontal angles respectively, and 0 < 0 < 
ti, 0 < a  < 27t. The probability density distribution P(0,a) which characterizes the
78
Fig.(3.3a) Geometrical configuration of a  collim ated detector w ith  a sectional 
conical source a t an arb itrary angle o f inclination (general case).
Fig.(3.3b) Geometrical configuration shows the portion of the voluminous source
seen by a bore hole collimator detector which forms a sectional conical 
shape.
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Fig. (3.4) Geometrical configuration of a point source located above the collimator aperture: P < RC.
Fig. (3.5) Geometrical configuration of a point source located above the collimator aperture; P > RC.
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fraction of isotropic emitted radiation in d£2 is given by :
P  ( 8 , a ) . d e  . da  = E l  (3.11)
4n
The distribution of 0 and a  may be obtained by integrating equation (3.11) with 
respect to a  and 0 respectively, as follows :
2k ,
P ( e) d e  = f  sin de da
•L 4 tc
p  ( e ) = (3.12)
and
P  ( a ) -  0  k a < 2n (3.13)
2 n
The random direction can be chosen by sampling equations (3.12) and (3.13). 
However the free selection of 0 and a  are restricted in a way that each direction will 
intercept the collimator aperture and the detector. Associated with the restrictions on 
0 and a  are their respective weighting factors denoted by W1 and W2 which are 
independent since the two angles are equally probable to occur. With Wi -  W1.W2, 
representing the solid angle subtended by the detector for any particular selection. The 
mean weighting factor over all possible selections represents the solid angle of the 
configuration.
The geometrical solid angle of the configuration is given by :
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° g N  ' Wl
and the standard deviation of £2g is given by :
(3.14)
a°s N  ( N  -  1 )
. [ jro wf - NO/ ] ]
14 s
1
2 (3.15)
and the "effective" solid angle which accounts for the geometry and the attenuation 
within the sample, detector and any intervening materials is given by :
Where N is the number of sampling histories and Ei is given by :
Where \xd is the photoabsorption coefficient of the detector material and \\.Al, p* are 
the linear attenuation coefficients of aluminium (window material of the detector) and 
the source material, respectively. Xd, XM and Xs are the track lengths in the detector, 
aluminium and source material for particular selection, respectively.
To find the solid angle subtended by a detector for any distributed source, 
there are two cases to be considered :
In which the point of emission is located above the collimator aperture at P 
and P < RC, Figure (3.4).
For this case, 0min = 0. and,
Ei = W i. [  1 -  e ~'l+ d]  .
C ase I :
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(3.17)
In this geometry, there is a critical angle 0CR below which the angle a  may 
vary over 2n and above which is limited to 2 0 ^ .
A particular selection of 0 will allow the determination of amax . Therefore defining 
X  as a uniformly distributed random number equidistributed in [0,1], the angle 0 
derived from:
gives :
e  = cos ' [ l  -  x  . (l-cos elimj ] (3.19)
The weighting factor associated with this selection of 0 is given by :
W1 =
W1 =
1 -  cos emax 
2 fo r  I f  eci
f ° r U
(3.20)
W 1  =
1 -  c o s 6 c l
2
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Where 0C1 is the critical longitudinal angle of a particular selection which tests if the 
randomly chosen selection intercepts with the detector and is given by :
QC1 = tan'1 RD + P  
H
(3.21)
W1 -  0 , for a particular selection of 0, where 0 ) 0C; .
The weighting factor associated with the selection of a  can be determined, once 0 has 
been selected :
I f  d £ dCR , a: [  0  , 2n ]  , W2 -  1
I f  e <  ecR , a £ . W2 =
a
m a x
7T
(3.22)
Where :
0 1  m a x  C O S
P 2 + (H  -  Q)2 tand - R C 2 
2(H  -  Q) P  tand
(3.23)
and the solid angle for this particular selection is given by equation (3.14).
C ase I I :
In which the point of emission is located at P, where (P > R C ), Figure (3.5). 
Having X as a random number equi-distributed in [0 , 1], the angle a  is derived from:
/
X  =
da
2n
f
da
2 n
Therefore
"  =  «,nax ■ (2X -  1 ) > ~a mox m ax (3.24)
84
Where
amax ton - I R C
/(P 2 -  RC2)
The weighting factor associated with this selection of a  is given by
/
W2 =
da
2n
2n
/
da
2u
W l = (3.25)
Once a  has been determined, 0min and 0max ai*e obtained from Figure (3.5) then
Ornin = ta^ 1
P cos a - ( RC2 - P 2 sin2 a)1/2
H - ( Q  + D )
(3.26)
Omax = ton -1
P cos a + ( RC2- P 2 sin2 a)I/2(3.27)
( H - Q )
The probability that the randomly chosen direction intercepts with the detector can be 
tested by the critical angle 0CRR :
® c r r  = ton 1
P cos a + \j( RD2 - P 2 sin2a) 
H
(3.28)
The weighting factor W l associated with this particular selection of 0 is :
/
sin 6 . dd
Wl _ °min
f
sin 6 . do
and
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” m i n ________________
2
c o s e m t „  -  c o s 6 W £
f ° r 8 max d C«fi
(3 .2 9 )
fo r  0imx
As a  -> then W1 —» 0
b) For in h o m o g en eo u s so u rces
Inhomogeneity of the activity within the irradiated sources results from the
source. For this problem to be solved, one should have detailed knowledge of the 
elemental inhomogeneity. This can be achieved for example, using neutron scanning 
which can give infonnation about the elemental distribution in large samples or using 
Proton Induced X-ray Emission analysis(PIXE) which can give similar information but 
only for thin samples providing the size of the probe is considerably smaller than the 
size of the sample [ALB86].
The other effect is the one in which the elements are evenly distributed within 
the source, while the induced activity follows the non-uniform neutron flux profile, 
which can be described, in general, by the following equation :
Where : x is the thickness of the source material traversed by the neutrons; S is the 
removal macroscopic cross section of the source material. This was determined 
experimentally by transmission measurements using a neutron detector (3He detector). 
It can also be calculated theoretically by the "Mixture Rule" provided that the main 
sample constituents are known. This effect can be taken into account by enforcing the 
exponential distribution described in Eq.(3.30) in the randomly chosen point of 
emission along the axis of the activating flux. The combination of the integrated flux 
and the detector response (represented by the effective solid angle) over the sample
combination of either of the two following effects, one in which the neutron flux is 
uniformly distributed while the element of interest is unevenly distributed within the
0  oc e ~s x (3.30)
8 6
volume would give the volume of interaction within the sample, which would be 
detected, see equation (3.1).
In cases where both the neutron flux and the elemental distribution are non- 
uniform, the induced activity is the product of the flux profile and the elemental 
distribution.
Program input
The program reads numerical data for the source and detector dimensions, the 
source-detector distance, the detector view at a certain distance, the thickness of any 
intervening materials, the gamma-ray energies and the corresponding attenuation 
coefficients for each material. The total linear attenuation coefficients for some 
materials were measured using transmission measurements with 152Eu, 137Cs and 60Co 
gamma-ray point sources. Both the point sources and the detector were collimated. 
From the measurements the total attenuation coefficients were calculated using the 
equation :
= In (I0 /  I) (3'31)
*  X
Where
I0 is the count rate without the presence of the material; I  is the count rate 
after attenuation by the material and X  is the thickness of the material. Figure(3.6) 
shows a comparison between the measured total attenuation coefficients for sawdust, 
landfill and coal samples and the calculated ones using the XCOM program [BER87] 
which generates the total attenuation coefficients using the major elemental 
constituents of each sample.
Program aims
The purpose of the programme is first to calculate the effective solid angle 
for an arbitrary source shape and a specific counting geometry. The calculated Q
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values can then be used to calculate the detector absolute efficiency using Eq.(3.32). 
The second aim is to calculate the volume of interaction which can be helpful in 
evaluation of the optimal geometrical arrangements.
3.2.3 - Volume o f interaction calculation
In any neutron absorption experiment the reaction rate (R) depends on the 
nature and extent of the interactions between the neutrons and the sample. There are 
two kinds of reactions, the neutrons can go through ; absorption and scattering.
Neutron activation analysis is based on the measurement of the activity induced 
by neutrons impinging on the target material. However during the irradiation the 
shielding of deeper layers of the sample against neutrons by its external layers should, 
as mentioned before, be considered. On the other hand, in gamma-ray detection, the 
interaction of photons with the medium lying between the points of emission and the 
detector is of great concern. Both effects result in the reduction of the registered 
number of counts of the full-energy photopeak. With regards to the neutron attenuation 
within the sample, firstly, the sample total linear attenuation coefficients were 
measured experimentally by transmission measurements using a neutron detector(3He), 
and secondly, the measured coefficients were used with other parameters as an input 
for the Monte Carlo program to consider the geometrical effects, (since it is not a 
narrow beam geometry that the inverse square law can be applied). Having established 
the flux variation and the detector response, taking into account the correction factors 
mentioned, the combination of the two integrated over the sample volume would result 
in the knowledge of the volume of interaction. This can be very useful in optimizing 
the geometrical configurations. A Monte-Carlo simulation technique was developed 
in order to estimate the volume of interaction, and the count rate was calculated in this 
program as a result of the flux variation and the detector response. Both are functions 
of the solid angle and the sample volume. The simulation was performed by using a 
random number generator to simulate the number of neutrons emitted by the neutron 
source or the number of photons in the sample and then calculate the path lengths in
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the source, sample and the detector. The solid angle between the neutron source and 
the sample and between the sample and the detector taking into account the 
attenuation of neutrons and gamma-rays can then be estimated. Figure(3.7) shows an 
example of the results from this program.
3.3  - E fficiency evaluation o f  the  d istributed  so u rces
In experimental physics, efficiency may be defined as the ratio of an 
instrument (e.g. scale reading, current or count rate) to the value of the physical 
quantity which is being measured. In gamma-ray spectroscopy, the physical quantity 
is the emission rate of photons with a specific energy, and the measured one is the 
total count rate or the full-energy photopeak count rate. Knowledge of the full-energy 
photopeak efficiency (ep) for a specific source-detector geometry is often required in 
various fields of research and applications. The standard practice is to use calibrated 
point sources at large source-detector distances to set experimentally the efficiency 
curve (i.e. Ep vs. gamma-ray energy), multigamma point sources such as 152Eu, 226Ra 
with some additional calibration sources for the low and high energy regions (133Ba, 
241 Am, 56Co, 60Co,...etc.) can be used for this purpose. Some of the most useful 
radionuclides and their relevant nuclear data are shown in table (3.1). However this 
approach is not correct when sources have an extended geometry and when counting 
close to the detector is required, because with volumetric sources, gamma-rays emitted 
from within the source from different positions, and would be attenuated in the source 
depending on their energies and on the density, shape and composition of the source. 
Preparation of a calibrated volumetric source of different shapes and compositions is 
of course impractical and time consuming. Hence the need for obtaining the efficiency 
by a different way was necessary. A preferred approach was to evaluate the efficiency 
by calculation which was anticipated by different researchers. A review of which will 
be given in the next section.
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3.3.1 - R eview  o f  e ffic iency calculations
Many workers have attempted to calculate the efficiency. Some have used 
computational techniques, e.g. Griffiths [GRI71] who described a program which 
calculated the total detection efficiencies of Ge(Li) detectors using point sources 
placed on the line of symmetry. Others have evaluated full-energy photopeak 
efficiency by either analytical or Monte-Carlo techniques. Authors like Williams 
[WIL6 6 ] calculated only the geometrical solid angle presented by the source to the 
detector for y-ray counting. This is unsatisfactory since it does not consider two 
important factors, i.e. the y-ray attenuation and the detector response to the impinging 
y-rays. The peak efficiency of a coaxial Ge(Li) detector for point, disk, cylindrical and 
spherical sources was evaluated by Gunninck and Niday [GUN72] and Cline [CLI78] 
using semi-empirical methods. Corrections for y-ray attenuation were considered. 
Moens et al [MOE81] presented a new approach to the calculation of the peak 
efficiency, the y-ray attenuation in the source, and in the intervening absorbers were 
treated. The calculation involved point, disk and cylindrical sources. However, the 
method is applicable only for the cases in which the sample dimensions are smaller 
than the crystal diameter. Mihaljevic et al [MIH93] have extended the work to include 
cylindrical source with a diameter larger than that of the detector. Their newly named 
program "EXTSANGLE" was checked experimentally, and was shown to be reliable 
and flexible with respect to the data input, storage and output and hence contributing 
to the automation of gamma spectroscopy laboratories dealing with NAA and/or 
environmental radioactivity monitoring. Others have adopted the Monte-Carlo method, 
for example, to calculate the response function, photofraction, the total and peak 
efficiencies of both Nal(Tl) and Ge(Li) detectors for gamma-rays from thick sources 
placed on the axis of the crystal [NAK72], [NAK75]. Rieppo has calculated the 
photopeak efficiency for Nal(Tl) detectors using the Monte-Carlo method considering 
the y-ray attenuation in both the source and detector materials,[RIE73]. The absolute 
photopeak efficiencies for different sizes of coaxial Ge(Li) detectors were also 
calculated with the same method in the photon energy range of 0.1 to 3.0 MeV at
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Table (3.1) Nuclear properties of some of the radionuclides used as calibrated point 
sources; the data were taken from the table of radioactive isotopes [BRO86].
Radio­
nuclide
Half- life Energy
(keV)
Y % Radio­
nuclide
Half- life Energy
(keV)
y%
M1Am 432.7 y 59.54 35.7 S4Mn 312.2 d 834.83 99.98
133Ba 10.54 y 53.15 2.17 “Na 2.602 y 1274.53 99.94
80.87* 37.38 226Ra 1600 y 186.11 3.28
160.60 0.60 241.92 7.46
223.24 0.46 274.56 0.32
276.39 7.09 295.09 19.2
302.85 18.4 351.87 37.1
355.99 62.2 487.13 0.439
383.84 8.92 609.31 46.1
CTCo 271.8 d 122.06 85.8 665.44 1.56
136.47 10.69 768.35 4.88
“Co 5.271 y 1173.23 99.90 806.16 1.23
1332.50 99-98 838.99 0.587
137Cs 30.02 y 661.66 85.21 934.04 3.16
15zEu 13.33 y 121.77 28.4 1120.27 15.0
244.75* 7.57 1155.18 1.69
295.93 0.44 1238.11 5.92
344.29 26.6 1280.95 1.47
367.80 0.858 1377.66 4.02
411.35* 2.34 1385.29 0.78
443.90* 3.12 1405.6* 3.87
564.53* 0.596 1509.22 2.19
688.63* 0.868 1661.26 1.15
778.92 12.98 1729.58 3.05
867.38 4.21 1764.49 15.9
964.10* 14.63 1847.41 2.12
1085.8* 10.18 2118.53 1.21
1112.0* 13.78 2204.09 4.99
1212.93 1.40 2293.29 0.324
1299.16 1.63 2447.68 1.55
^Effective y-energies calculated as : Eeff = Xj y  Eyi /  Xy when two close energies 
found.
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different geometries. The calculation was performed for point, needle-shaped and 
extended volume sources, and the attenuation in the sources, detector’s windows and 
the P-cores "the dead layer" of the detectors were taken into account [RIE85].
3.3.2 - M ethod o f e ffic iency calculation
For the establishment of the relationship between the absolute full-energy 
photopeak efficiency £p and the gamma-ray energy from distributed sources at various 
detector-source distances, the semi-empirical method introduced by Moens et al 
[MOE81] for Ge(Li) and HPGe detectors, has proved to be considerable 
success[MOE83], [MOE82]. The method can be summed up into three steps :
1) Experimental determination of the full-energy photopeak efficiency curve; 8pref vs. 
Ey by measuring calibrated point sources of different energies at a large reference 
distance(e.g. 151 mm) from the detector to avoid y-ray true coincidences.
2) Calculation of the effective solid angle ratio O8eo/n rcf as a function in energy using 
a Monte-Carlo program where Qgeo is the calculated effective solid angle for a 
voluminous source of certain geometry and £2ref is the calculated effective solid angle 
for a point source at the same geometry of step (1 ).
3) Determination of the full-energy photopeak efficiency for that arbitrary source, 8p8eo 
using the formula :
,  n  8eo 
" g e o  _  r e fe; = e
p  P  =  r e f
(3.32)
The approach of relating the detector efficiency of distributed sources to that of the 
point sources was adopted in this study. The determination of 8pref vs. Ey curve in 
step(l) is a simple task and can be performed easily by measuring multigamma-ray 
calibrated point sources. Figures (3.8), (3.9) show the measured full-energy photopeak 
efficiency at source-detector distance of 151 mm for two detectors; Ge(Li) and HPGe, 
the specifications of which are shown in Table (3.2), and the formula 8p = ale 'a2By + 
a3e'a4By was used to fit the experimental data. The measurement was taken under
94
10‘2
° Experimental 
-—— Fitted data
10  ‘ 1 * 1  -----------0 1000 2000 3000
Energy (keV)
Fig.{3.8) Variation of the measured absolute photopeak efficiency with energy 
for the collimated Ge(Li) detector with an aperture radius of 10 mm 
at a source to detector distance of 151 mm;(used as a 
efficiency -
Energy (keV)
Fig.(3.9) Variation of the measured absolute photopeak efficiency with energy 
for the collimated HPGe detector with an aperture radius of 10 mm 
at a source to detector distance of 151 mm;(used as cl 
efficiency..
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similar conditions (mainly detector collimation) to that used for the analysis of bulk 
samples by INAA, so that these data can be used to derive the detector efficiency 
curves for those samples.
Table (3.2) Characteristics of the detectors used in this study.
Ge(Li) detector HPGe detector +
Operating Voltage + 4800 V - 2500 V
Detector diameter and 
length, respectively
47.5mm and 43.0mm 55.0mm and 51.0mm
Window material and 
thickness
Aluminium, 0.5 mm Beryllium, 0.5 mm
Distance between crystal 
and endcap
5 mm 3 mm
Relative efficiency at 
1332 keV, in % *
10 .8  ± 0 .2 25.8
Resolution, FWHM (at 
1332 keV), in keV
2.0 ± 0.04 1.9
Active volume cm3 76.2 121.17
Peak to Compton ratio 30 ± 2 57.1
* The efficiency was quoted or measured relative to (76.2mm x 76.2 mm NaI(Tl) detector) at source- 
detector distance of 250 mm.
+ Data for HPGe are the manufacturer values.
3.3.3  - Experim ental te s t o f  the program
The procedure for converting e/ 61 to other counting configurations, including 
the correction for y-ray attenuation has been tested. The test can be performed by 
controlling the validity of Eq.(3.32), rearranged to :
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4 eo _ Q f^  
e f  ’  Qre/
- For epref measurement, calibrated point sources such as 137Cs, 60Co, 152Eu, 226Ra 
were measured at source-detector distance of 151 mm.
- A solution of 152Eu forms a cylindrical source of a 75 mm diameter and 100 
mm height was measured at different geometries.
- The OBe0/n ref ratios were calculated using the Monte-Carlo program, and the 
percentile deviation (Dfro) of the experimental efficiency ratio "Re" to that of the 
corresponding O ratio "Rc" were determined : E)% = (Re - Rc) /  Rc to check the 
program validity. Two detectors were involved in this study, Ge(Li) and HPGe 
semiconductors. Table (3.3) lists the percentile deviations between the experimental 
and the calculated ratios. The comparison of the measured and calculated efficiencies 
for both detectors were plotted in Figures (3.10),(3.11).
The detector efficiencies were measured also at source-detector distance of 251 mm, 
the results of which are shown in Figure (3.12). The large differences between the 
calculated and measured values were expected, since the volume of the source at this 
distance does not cover the detector view, which means that one of the assumptions 
is not fulfilled in the program/section 3.2.2).
The programme was also used to calculate the photopeak efficiency of the 
Ge(Li) detector for the actual sample volumes of different material compositions. The 
efficiency was used in the activation equation, since the absolute method was adopted 
in the elemental analysis of these samples using neutron activation techniques. The 
dimensions of the irradiated containers are of 156 mm diameter and 279 mm length. 
Detector efficiency curves for different material types analysed in this study were 
obtained. An example of the absolute detector efficiency for coal sample is given in 
Figure(3.13)
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Table (3.3) Percentile deviations : E)% = (Re - Rc)/Rcxl00.
Energy
(keV) l ir /1 5 lp
Ge(Li)
151v/151p n r y i5 ip
HPGe
151v/151p
121.78 2.0 -2.4 1 .6 -3.1
244. 2.3 -3.2 1.4 0 .2
344 0 .6 0.5 - 1.8 0 .6
411 -3.0 3.9 - -
443 2.8 -2 .2 -1.4 -1.5
778 1.9 2 .6 -2.7 1 .0
963 0 .1 2 .1 3.7 1.4
1085 -0.3 -0.8 -2 .2 -0.4
1 1 1 2 -1.7 -0 .6 2 .1 0.9
1 2 1 2 1.3 -0 .1 -3,2 -3.6
1299 1.4 -1.4 -3.2 -2 .6
1408 -1.7 -1.4 -1.9 -2 .2
The super-script v stands for voluminous source of( 75mm dia. and 100 mm height) and p stands for 
point source (reference).
3.4 - CONCLUSIONS
Using the absolute method to determine the elemental concentrations in a 
sample requires accurate knowledge of all the parameters involved in the activation 
equation. An important parameter, is the absolute efficiency, which was dealt with in 
this chapter and relies on the calculation of the effective solid angle between the 
sample and the detector. The effective solid angle subtended by a detector for 
irregularly shaped distributed sources was calculated using a Monte-Carlo program 
which considered the attenuation in the sample, the detector and any intervening 
materials. Then the calculated values was used with the experimentally measured
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efficiencies using point sources to find the efficiency for a distributed source for 
different geometries.
The accuracy of the above outlined 8p- conversion method has been tested for 
the two available Ge(Li) and HPGe detectors using point and cylindrical sources at 
different source-detector distances. However, since only an active 152Eu distributed 
source was available at the time, measurements were taken at large distances to avoid 
gamma-ray coincidences. Measurements can be performed at smaller distances if 
sources having coincidences free gamma lines are available. It was found that the 
difference between the measured efficiencies and the calculated ones for the energy 
range of (121.78 to 1408.02 keV) were generally less than “ 4 %. Accurate knowledge 
of the detector dimensions, the position of the crystal inside the detector housing and 
the thicknesses of the window material and the dead layer are very important in these 
calculations.
The volume of interaction was also calculated as the product of both the 
integral detector response and the neutron flux distribution over the sample volume. 
This can provide very useful information about the site where most interactions occur, 
and hence, to optimize the detector position with respect to the neutron source and the 
sample. Although, in practice there are some limitations such as neutron source to 
detector distance and physical barriers that restrict the benefit of these calculations.
The volume of interaction is sensitive to the sample-detector distance and it 
decreases with the increase in this distance, hence it is important to keep this distance 
as small as practically possible.
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C H A P T E R  4
B U L K  M A T E R IA L  A N A L Y S I S  U S IN G  IS O T O P IC  S O U R C E S
4.1 - MATERIAL TYPE FOR THE AN ALYSIS
More and more products are thrown every day as wastes from homes, shops, 
factories, offices and everywhere that people go. There are even larger quantities of 
mining and quarry wastes and moreover there are large quantities of agricultural 
waste.
Much of this waste contains potentially valuable materials such as metals, 
papers, glass, rubber and plastics. Separation of the different components of the waste 
and assembling them in convenient locations would certainly be worth hundreds of 
millions of pounds as raw materials for industry. Substantial quantities of these wastes 
are reclaimed and made use of, particularly those which arise in bulk in industrial and 
commercial processes. However very large quantities including most household wastes 
are not recovered.
The idea of making better use of the waste materials by reclamation is 
supported by the fact that world resources are limited. Although it is difficult to assess 
world resources, because of new resources discovered and new techniques which 
enable poorer quality ores to be worked, in the longer term it is the truth that world 
resources must be finite, and with rising populations and increasing standards of living 
throughout the world, it is proper that the possibility of depletion of our resources 
should be taken very seriously. If the wastes are not recovered they have to disposed 
of one way or another. In general they have to be either buried in land or discharged 
in liquid form to water. Either method of disposal can cause serious pollution 
problems, and with increasing concern for protection of the environment, higher
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standards of disposal are becoming necessary. Incineration of municipal solid waste 
as an alternative to its disposal in landfills has the advantages of volume reduction and 
generation of energy. However, both air emissions and the residual ash may pose 
environmental and human hazards.
The aphorism "out of sight, out of mind" generally reflects the human attitude 
toward solid waste. Once the waste is buried in landfills, there is a tendency for it to 
be ignored and the presumption that microorganisms gradually convert the refuse to 
harmless materials. Landfilling as one of the oldest and perhaps the simplest forms of 
bio-technology is the most popular disposal option and accounts for huge amount of 
municipal wastes. Although land disposal of solid wastes has been practised for many 
centuries, it is just in relatively recent times that great concern has been expressed 
with respect to problems connected with the contamination of soil and the 
environment from industrial and domestic waste [ROB86]. The burial of millions of 
tons of refuse may result in serious environmental consequences; most notably ground 
water pollution [SUF92]. It is well known that more solid waste is generated each year 
and governments run out of space to dispose of it, and tipping fees continue to 
increase steadily.
There is little known about how well this disposal technology actually 
functions, and the concern is most centred on what is actually buried, the potential to 
threaten the environment and human health, and the extent to which microbial 
decomposition processes occur.
On the other hand, the wide usage of sewage based fertilizers on agricultural 
land is also of great concern. Modern agricultural techniques, the application of which 
aim at obtaining high quality and good yields of agricultural crops depend upon 
knowledge of crop nutrient requirements. Optimum plant nutrition can be obtained by 
the addition of organic or mineral fertilizers. Although sludges are rich in nutrients for 
plants, they also contain trace elements including heavy elements, some of which (Hg,
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Cd, Cr, Ni, Pb) are useless in plant metabolism while others are essential in trace 
quantities (Cu, Fe, Zn) [WEI74]. At elevated concentrations, however, all these metals 
are toxic. Spreading sludges in soils used for food production, may result in the 
transmission of undesirable substances to humans through the food chain. These risks 
can be eliminated if the sludges are used to fertilize forests to increase wood 
production [COU89].
Knowledge of elemental concentrations is essential in order to identify or 
establish the source of pollutants and various studies have been carried out to estimate 
these concentrations in order to assess potential hazards [EGA77b].
4.2 - M ultielemental an laysis  u sin g  NAA techn iques
NAA has proved to be a method of prime importance in different fields of 
science. Its capability of measuring many elements simultaneously in various kinds 
of sample matrix, has encouraged scientists into further investigations and 
developments.
The method was used and is still being used to establish which elements in 
nature are essential to life and at what concentrations; it proves its superiority in 
finding correct element concentrations in the extensive analysis of the lunar rocks; it 
contributes largely to the establishment of trace elements role in fields such as 
archaeology, forensic chemistry, and environmental chemistry. In addition it has 
proved its reliability in the certification of the growing list of important certified 
reference materials. It is clear that activation analysis based on nuclear reactors are the 
most sensitive and most widely used form of activation analysis. However, there are 
other forms of activation analysis, some of which use photons and charged particles 
as probes for the activation, others like NAA with 252Cf neutrons, NAA with 14 MeV 
neutrons and NAA with isotopic neutron sources. In all these mentioned techniques, 
the resultant (prompt and/or delay) gamma-rays can be used to determine 
concentrations of the elements in the irradiated sample. The application of INAA 
based on an 241Am-Be isotopic neutron source making use of prompt and delayed
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gamma-rays emitted from different matrices in the form of bulk materials is given in 
the following sections.
4.2.1 - Prom pt gam m a neutron activation analysis(PGNAA)
With the development of high resolution semiconductor detectors with good 
efficiency, the use of prompt neutron capture gamma-rays as a method of elemental 
analysis has become practical as a complementary technique to instrumental neutron 
activation analysis (INAA). PGNAA offers an instrumental and non-destructive 
technique for the determination of many elements which cannot be determined by 
conventional activation analysis. The technique is particularly useful for determining 
elements which absorb neutrons but do not produce radioactive products in doing so. 
Nuclides having extreme half lives after thermal neutron irradiation are also of main 
interest for this method. However both techniques INAA and PGNAA require that the 
element of interest possesses an isotope with sizeable cross section for neutron capture 
or absorption (aabs) but the source of gamma radiation differs. Conventional INAA 
requires that the product nucleus should be a radioactive gamma-ray emitter, while 
PGNAA relies on the measurement of the prompt gamma radiation that is emitted 
upon de-excitation of the compound nucleus formed by neutron capture. These 
"prompt" gamma-rays occur within ~ 10"14s. This necessitates that the measurement 
should be simultaneous with irradiation. One of the advantages of PGNAA is its 
ability to measure the major elements for most sample matrices. The concentration of 
elements such as hydrogen can be determined by this technique but not with INAA, 
since it does not become radioactive upon neutron capture. Boron can be determined 
through the 10B(n,a)7Li reaction which is accompanied by the emission of 477 keV 
prompt gamma-rays, o = 3837 b. Cadmium has also a high neutron capture cross 
section, a  = 1.98xl04 b and produces a stable product through 113Cd(n,y)114Cd 
accompanied by 559 keV prompt gamma-rays. Other elements which are considered 
are N, C and Si , of which their most abundant isotopes form stable products and P 
which forms a radioactive (3- emitter with no accompanying delayed gamma-rays.
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These lighter elements can be determined by PGNAA especially for geological and 
biological samples in which these elements comprise a good fraction of the matrix. 
The technique is most sensitive to elements such as Gd, Sm, B, and Cd and detection 
limits in the ppm range can be achieved while for most other elements the detection 
limits are in the mg/g range. PGNAA is .. multielemental, nondestructive and can be 
considered as a complementary technique to.. INAA.
4.2.1.1 - Theory o f PGNAA
Neutrons are captured by a nucleus leading to the formation of the compound 
nucleus which immediately de-excites by the emission of one or more particles or 
photons. In thermal neutron capture, the emitted radiations are usually gamma-rays. 
These gamma-rays are called "prompt gamma-rays" and occur within ~10'14s. Hence, 
prompt gamma activation analysis is independent of the nuclear characteristics of the 
product nucleus.
The detector response for these prompt gamma-rays is given by :
_ Y w 6 Nn /jt1.
Dp -  M  * a 9  ep ti
Where :
Y = the prompt photon yield; i.e. the number of photons emitted per neutron captured, 
for the gamma-ray of interest.
All other symbols were previously defined in chapter 1.
4.2.1.2  - R eview  o f  the techn ique’s  applications
The earliest measurements for utilizing capture gamma-rays were performed 
by Isenhour and Morrison [ISE6 6 ]. In their study, a sensitivity comparison of 63 
elements obtained by PGNAA with those by INAA was tried assuming an equal 
neutron flux and 10 0 % counting efficiency in each case, and reported that under these 
conditions, a better sensitivity for 61 out of 63 elements can be achieved using
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PGNAA. However in practice PGNAA is less sensitive than INAA. The above 
comparison fails due to the limitations encountered with the PGNAA technique. The 
most serious reduction of sensitivity is mainly due to the drastic reduction in neutron 
flux in going from an in-core reactor beam to an external beam and the high level of 
background which prohibits the placement of the detector very close to the sample, 
severely decreasing detector efficiency.
For reactor based PGNAA facilities, the detector is placed either near the 
reactor or the neutron beam depending on whether the facility uses internal or external 
(neutron beam) irradiations. With internal irradiations, a greater neutron flux can be 
achieved compared to an extracted beam, however sample-to-detector distances are 
much greater than those using the extracted neutron beams. In practice detection limits 
are comparable for those two geometries. The advantage of external neutron beam 
facilities lies in their flexibility to cope with different sizes and types of materials.
A considerable amount of work has been carried out on the use of PGNAA as 
an analytical method since the discovery of the technique. A table of the analytical 
sensitivities of the lines in the thermal neutron capture gamma-ray spectrum has been 
compiled for most of the elements [DUF70], [SEF71], Other tables including 
interference correction have been presented [AND81], [HAN81]. A summary of the 
recent applications of PGNAA is listed in Table (4.1) and discussed below.
Application of PGNAA are found in different research fields including 
geochemistry, environmental, biology, food science and medicine. For example, using 
PGNAA technique, it was possible to determine 15-20 elements in various geological 
materials [GLA85]: those normally measured at percentage levels include Na, Mg, Al, 
Si, K, Ca, and Fe, and others which can be detected in trace levels (~lppm) like B, 
Cd, Sm and Gd. The technique proved to be the most accurate for the determination 
of both Sm and Gd and had excellent sensitivities for both at the 0.1 ppm level. 
Anderson et al[AND85] had also determined up to 21 major, minor, and trace element 
concentrations in twenty two geochemical reference standards. Elements such as H,
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Table (4.1) Some of the recent applications of PGNAA in different fields.
techniques using prompt 
y-rays from neutron 
capture
objectives material type references
PGNAA multi-element analysis 
Boron analysis
geological materials 
standard ref. materials 
biological materials 
food materials 
environmental materials 
biological materials
GLA85 
AND85, VOG85, KER87 
SPY87, WAR87 
AND93 
GOR80 
MAT90
In-situ PGNAA On- line analysis Coal materials
lake and sea water 
chemical weapon invention 
oil logging
CLA83a, WOR83, 
UND86, MAR89, OLI93a 
CHU88b, CHA90 
GEH93 
HER88
In-Vivo PGNAA
Se, Cd, Hg measurement 
multi-element analysis
Liver and kidney 
Whole body analysis
CUM82.NIC83, CHU85, 
88a, 88c, FRA90, MOR90 
KRI90, KRI87, LAR87
CNPGAA’
H measurement
geological materials 
Silicate rocks
PAU94
LIN94
Boron neutron capture 
therapy
cancer treatment Brain tumours BAR90
Cold neutron prompt gamma activation analysis.
B, Cl, K, Na, S, Ca and Cd were also determined in 41 food materials including fruits 
and vegetables by the same author [AND93] and the effect of neutron scattering due 
to the presence of hydrogen in the samples on the enhancement of the background, 
and the elemental sensitivities were studied. Nuclear methods have also been applied 
to the elemental analysis of biological samples. Spyrou [SPY87] has reviewed the use 
of prompt and delayed radiation in elemental analysis of biological samples and 
showed how neutron : induced gamma-ray emission tomography can be used to 
measure the elemental distribution in a chosen plane within a sample without 
destroying it, and demonstrated the method by analysing bone samples which are of
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interest in medical diagnosis, to forensic science and in archaeology. The application 
of PGNAA in boron measurements in biological samples were undertaken by different 
researchers, for instance, in human bone and tooth samples from people suffering from 
rheumatoid arthritis [WAR87] and an assessment of the role of boron in this disease 
was attempted. A detection limit of 0.05 ppm of B was determined using a neutron 
flux of 2xl06 n/cm2.s with a Compton suppression system and with correction for the 
472 keV gamma-ray from sodium. Boron was also measured in tumours, tissues, blood 
and cultured cells [MAT90] using PGNAA, and reported that the values obtained by 
chemical analysis were significantly lower than that from PGNAA. Detection limits 
of 10B concentration were 2.5 and 10 ppm with a neutron flux of 5xl05 n/cm2 s and 
for sample volumes of 1 and 0.3 cm3, respectively.
The applications of PGNAA in environmental research based on different 
neutron sources including reactors, neutron generators and isotopic sources has been 
reviewed [GOR80] and a table given showing the possibility of observing different 
elements in various types of samples using PGNAA. With the growth need in industry 
for reliable data, the technique showed also its superiority using portable neutron 
sources. Sources such as 252Cf, 241 Am-Be and 238,239Pu-Be have been used for elemental 
analysis. Use of (a,n) sources for bulk analysis is more suitable than 252Cf sources, 
since the degree of activating flux uniformity which can be obtained would be better 
with neutrons of higher energy. Sources with long half-lives are also preferable. But 
sources such as 241 Am-Be and 238Pu-Be have the disadvantage of higher gamma dose 
rate. Am-Be has gamma-ray dose rate of ten times greater than ^ C f  source having 
the same neutron emission rate and about twice that from Pu-Be source [SPY81a].
In studies of the elemental composition of materials contributing to the 
environmental pollution such as those which occur in coal fired plants and from which 
sulphur dioxide, gaseous oxides of nitrogen and particulate matter are emitted as a 
result of coal combustion, total elemental analysis is required to assess the source of 
pollution. Among these pollutants, sulphur dioxide is the most troublesome of all. For 
that, a pre-combustion analysis of coal is required to ascertain the coal quality. By
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utilizing a 5Ci Am-Be source and an intrinsic Ge gamma-ray detector, Underwood 
[UND86] had determined sulphur in coal and studied the effect of absorbing materials 
such as chlorine on the measurement of the element. A method was described 
[WOR83] which allows total elemental analysis of coal by measurement of gamma- 
ray spectra from fast and thermal neutron interactions and which was independent of 
variations in neutron flux in the material. Multielemental analysis of coal was also 
performed by other researchers [CLA83a], [MAR89], [OLI93a]. Yet other applications 
include feasibility studies of using portable neutron sources in the anlaysis of 
pollutants in lake water [CHU88b], which demonstrated the determination of toxic 
cadmium and chlorine in water. Measurements of trace and minor elements in sea 
water were also performed [CHA90], minimum detection limits of Zn, Pb, Ag, Cr, 
Mn, Cu, Fe, Cl, Ni and Hg were given.
The technique’s application in medicine is mainly in the field of In-Vivo 
PGNAA and mostly based on the use of portable isotopic neutron sources. This 
technique is used to determine body composition and relates the concentrations to 
many diseases affecting humans such as cancer, bone disease, kidney and heart 
diseases. Workers as [CUM82] have used 252Cf sources to measure cadmium in 
kidney and liver and reported detection limits of 3.2 mg and 2.2 ppm respectively for 
an organ dose of 3 mSv. A detection limit of 10 ppm in kidney for a delivered dose 
of 5 mSv was also reported [NIC83]. For total whole body measurements, nitrogen 
through the 10.8 MeV prompt gamma-rays from 14N(n,y)15N reaction has been studied 
[LAR87]. Krishnan et al [KRI90] also measured the total body nitrogen in addition 
to the total body calcium through 48Ca(n,y)49Ca (Ey = 3.1 MeV, t1/2 = 8.8 min). 
Nitrogen is used as a measure of protein status of the patient and calcium as index of 
bone minerals mass. Chung [CHU8 8a] used a filtered neutron beam from a mobile 
reactor to measure toxic Hg using the 368 keV prompt gamma-rays emitted from 
199Hg(n,y)200Hg reaction. Other applications are also found in the use of prompt gamma 
radiation in cancer treatment [BAR90].
Most of the recent PGNAA research on facility developments has been with
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cold neutron PGAA, Guided beams of cold neutrons facilities are now becoming 
available in different centres, [MOL93], [LIN87], [YON93] which have the advantage 
of higher fluence rates, higher reaction cross-section and lower background 
interferences, hence better sensitivities can be achieved compared to the thermal 
beams. Prompt gamma-ray cold neutrons activation analysis has been used [LIN94] 
to analyse hydrogen in quartz and silicate rocks and detection limits of 5-10 jrgH/g 
and 0.01% by weight, respectively, were found. Fourteen elements were also 
determined with the same technique for the Allende meteorite samples[PAU94], and 
found that the sensitivity is better by a factor as high as seven compared to the 
thermal beam in that facility. However, cold neutron beams with higher interaction X- 
sections also means less penetration and smaller samples / otherwise problems with 
irradiation inhomogeneity.
4.2.2 - Cyclic neutron activation analysis (CNAA)
Cyclic activation is considered as a powerful technique complementary to 
conventional activation analysis; it is rapid, instrumental and multielemental. The 
application of cyclic activation analysis enables the use of isotopes with half-lives of 
a few minutes to as short as a few milliseconds for elemental analysis. The main 
advantages in using short-lived isotopes for cyclic activation analysis is first the 
improvement in the signal to noise ratio, the increased speed in the analysis due to the 
short irradiation and counting times required which may also bring down the cost of 
the analysis and shorten the time to deliver results. An important advantage can finally 
be the reduction of the build up of long lived matrix activities, so that handling, waste 
disposal ....etc, are all simplified. These reasons make the use of short-lived 
radionuclides in activation analysis more competitive with other methods of analysis, 
even for routine analysis in control of production, environmental, biomedical samples 
and many other fields. The demand for rapid and reliable analytical techniques with 
good sensitivity for trace element determination encourages the development of cyclic 
activation as a method of routine analysis.
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4.2.2.1 - Theory o f CNAA
Cyclic neutron activation analysis (CNAA) involves the repetitive irradiation 
and counting of a sample for a number of cycles for a time less than that required for 
saturation Figure (4.1), and using the cumulative activity for analysis. The cycle period 
is defined as :
Where :
tj = irradiation time;
tw = time period between the end of irradiation and start of measurement;
^  = measurement time;
tw'  = time period between the end of measurement and start of the next irradiation.
The detector response of the gamma-ray of interest accumulated after the first 
cycle is given by :
Where all symbols were previously defined.
The residual activity from the first cycle plus the activity produced in the 
second cycle give the detector response for the second cycle.
T -  tj + tw + tm + tw'
Na w  0 I  a 0  e
2 (1  - e ~u‘) e~x‘w (1 -  e 'Um) <4-2>
A M
D2 =D, + D,e = D,(l - e ~AT) (4.3)
The cumulative detector response at the end of the nth cycle is given by :
f n _ e~XT(l - e~nAT)  ^
J  - e  xT (1 - e ~ xT)2 ,
(4.4)
Where n = the number of cycles.
The total experiment time can be defined as :
tt = nT = m t1/2 
Where : t1/2 = the half life of the isotope of interest and
m = n T/t1/2
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The cumulative detector response represented by Eq.(4.4) forms the basic 
equation of cyclic activation analysis. This response can be maximized by proper 
selection of parameters, e.g. for a given total experiment time, nT, the maximum value 
of Dc occurs when the transfer times are zero and irradiation and measurement times 
are equal, i.e. £v = tty = 0  and tj = = T/2. The transfer time can be made very small
when there is no physical transfer of the source or the sample but pulsed irradiation 
is used. A comparison between the detector response for the isotope of interest in the 
cyclic and conventional cases as a function of total experiment time (m = tt/t1/2), 
[SPY79] is shown in Figure (4.2), and the advantage of using cyclic mode is clear 
beyond certain values of m, where the detector response of the cyclic mode continues 
to increase for longer total experiment times compared to the conventional. The effect 
of waiting time, ty is to decrease the response for both cases as expected and make 
the cross-over point from conventional to cyclic occur at larger m values. However, 
in all physical measurements, detection of quantity depends on the signal to noise 
ratio. Hence, when cyclic timing parameters for an isotope are to be optimized, 
knowledge of other elements in the sample matrix is important particularly those that 
on activation produce isotopes that contribute to the background radiation underlying 
the signal of interest. It is therefore the signal to noise ratio and not the detector 
response for the isotope of interest that should be maximized.
The signal to noise ratio is expressed as :
(4.5) 
f f i c
Where
SDC = the cumulative detector response of the signal from the isotope of interest. 
bDc = the cumulative detector response for the isotope making the major background 
contribution to the signal from the isotope of interest. Figure (4.3) shows the variation 
of signal to noise ratio for cyclic and conventional activation with total experiment
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Saturation
T im e (V £L« t L  ')
Fig.(4.1 a) Growth and decay of the induced isotope activity with time.
Fig.(4.1 b) Variation of the induced isotope activation with time during cyclic 
activation analysis.
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Fig.(4.2) Variation of cyclic and conventional signal with total experiment 
time, for various waiting times[SPY79].
Fig.(4.3) Variation of cyclic and conventional signaMo-noise ratio with total 
experiment time, for various waiting times[SPY79].
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time for different transfer (or waiting) times,[SPY79].
4.2.2.2 - R eview  o f the techn ique’s  applications
The earliest measurements in cyclic activation were carried out by Anders 
[AND60], [AND61], who used neutrons from Be target of a 2 MeV Van de Graaff 
accelerator for irradiation and NaI(Tl) detector for counting. Although it was not 
termed "cyclic", samples were repeatedly irradiated and counted between the 
irradiation source and the detector using a shuttle rabbit system in order to enhance 
the signal to noise ratio for the isotope of interest. Usefulness of the technique was 
realized for the determination of 18 elements. Givens et al [GIV69], [GIV70] 
presented a mathematical analysis of cyclic activation, and verified his predictions 
with some experimental studies. Spyrou and Ozek [OZE73] first tried a system to be 
used for cyclic activation at the Consort II reactor at the University of London Reactor 
Centre and published results on the measurement of lead through 207mpb (~ 800 ms) 
in environmental samples [EGA77b]. Spyrou and Ken’ [SPY79] developed 
multielemental analysis by cyclic activation using Ge(Li) and low energy photon 
intrinsic Ge detectors for detection of short lived isotopes. They also combined a 
count at the end of the last cycle, having first allowed for very short lived isotopes to 
decay. This measurement at the end allows the determination of elements with quite 
longer lived activities. Spyrou [SPY81b] made an extensive review of most of the 
work done in the field at the time and a summary of the some useful publications in 
the field is given in Table (4.2), which is discussed below.
With the developments of rapid transfer systems incorporated with computer - 
based MCA’s so that the experimenter has complete control over irradiation, decay 
and counting times, the possibility of applying cyclic activation analysis on isotopes 
of very short half-lives was recognized. A series of options are available to the analyst 
to make the best use of time and facilities. Depending on the requirement of detection 
limits and precision, one should choose between various irradiation and counting 
regimes : [(a) conventional (b) cyclic (c) repeated]. The repeated or replicate method
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Table (4.2) Some of the applications of cyclic neutron activation analysis in different 
fields.
techniques using cyclic 
activation
Elements analysed material analysed references
CNAA on reactor base Se standard ref. materials REI93
multielemental analysis sewage based fertilizers EGA77b
Sc,Se,Hf soil SPY81b
multielemental analysis biological & environmental CHA80
F bone KER78a
CNAA on 14 MeV neutron Al,Fe,Cu,Mg,Si,Ni geological & ore materials ILA89
generator base o rock standards ILA91
Cd environmental materials ESP86
N,P,C1 fertilizers & plant samples KAF86
Pseudo - CNAA neutron 
generator base
Al geological materials KEN91
CNAA on isotopic sources Se liver NIC82
base
was suggested by [GUI80] who claimed that better precision of determination than the 
cyclic can be achieved for short lived isotopes; in this method, n number of samples 
are irradiated and counted separately for only one time instead of making n cycles 
measurements on one sample of this material (cyclic). This method has fewer 
problems of dead time and pile up which in cyclic increases with each cycle, however 
the main disadvantage lies in the large time required to prepare n samples for each 
material and also the large number of containers needed for irradiation. Egan [EGA87] 
examines how detection limits and precision are affected by the above options and by 
considering specific isotopes being detected in backgrounds of different half-lives, it 
was possible to calculate signal to noise ratios in each of the cases and hence compare 
these regimes from this aspect. More recently a 14 MeV neutron generator was used 
to analyse geological samples using cyclic activation technique [ILA89]. The samples 
were counted only once after a delay, at the end of the last cycle with Nal(Tl) and
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Ge(Li) detectors. The variation in neutron flux from cycle to cycle was corrected 
mathematically by modifying the basic formula for total activity induced by cycle 
activation. Elements such as Si, Al, Mg and Fe were determined with an accuracy of 
5 % or better in most of the cases. The same author [ILA91] measured the total 
oxygen content using 160(n,p)16N reaction in fourteen rock standards and three ores 
by employing cyclic activation with a 14 MeV neutron generator and Nal(Tl) 
detectors. The interference from 19F(n,a)16N was considered and found that 0.1 % 
fluorine is equivalent to 0.0415 % of oxygen. Kennedy et al [KEN91] showed that 
pseudocyclic activation analysis for the analysis of geological materials with short­
lived nuclides is preferable to cyclic activation, because it avoids the build-up of 28Al 
activity. In this technique, the 28Al activity is allowed to decay for five to six minutes 
before reirradiating the sample a second time. Samples weighing 1.0 and 1.5 g were 
irradiated using pseudocyclic activation system with a thermal flux of 10 11 n/cm2.s. 
The epithermal and fast fluxes were 0.06 x 1011 n/cm2.s and 0.21 x 1011 n/cm2.s, 
respectively. The timing mode used for the analysis was (2s, 1.5s, 10s), n = 25 cycles 
and with cycle time of 360s. The times chosen were optimum for nuclides with half- 
lives between five and ten seconds. The technique showed its usefulness for some 
elements and offered a great improvement in statistical precision and detection limits 
for the type of sample compared to cyclic activation. The detection limits in silicate 
rocks were determined for 18 elements using thermal and epithermal irradiation. Using 
a 14 MeV neutron generator, N, P and Cl concentrations were determined through 
their short lived isotopes in fertilizers and plant samples [KAF86] and cadmium was 
measured in environmental samples [ESP86].
With respect to cyclic activation based on nuclear reactors, [EGA77b] was 
able to measure lead through 207mPb (t1/2 = 0.8 s) and also selenium through 77mSe ( t1/2 
= 17.5 s) in different biological and environmental samples. Kerr and Spyrou 
[KER78a] measured fluorine content through 20F (t1/2 = 11.1 s) in bone and other 
biological materials, and correction for interference from 23Na(n,a)20F was considered. 
A sensitivity of 0.6 jig F was obtained in an interference free matrix. Other fourteen
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elements were measured with fluorine such as Na, Sc, Se, Br, O, Hf, Cl, Mg, Cu, V, 
K, Mn, Ca and Rb. A multielemental analysis of biological and environmental 
materials was performed [CHA80] using pseudo-cyclic and cyclic activation analysis, 
and elements such as Al, Cl, Br, Ag, Ca, Cu, F, Hf, I, K, Mg, Mn, Na, Rb, Sc, Se and 
Ti were determined. Selenium through 77mSe in standard reference materials such as 
mixed human diet, animal muscle, bovine liver, wheat flour, etc. was measured 
[RIE93].
Using isotopic neutron sources, Nicolaou et al [NIC82] utilized an Am-Be 
source to measure selenium in liver using cyclic activation method. A minimum 
detection limit of 0.6 ppm was obtained in a total experiment time of 1800 s. A 252Cf 
source was employed [GAG73] to measure elements such as V, Mn, Al, Ag, Cu, Si, 
P, Cl and F through their short half lives using cyclic activation method. Elemental 
sensitivities and minimum detection limits for these elements in the conventional and 
cyclic modes were given using both Ge(Li) and Nal(Tl) detectors.
4.2.3 - Sim ultaneous cyclic and  prom pt neutron activation analysis
In performing cyclic neutron activation analysis, there is some useful 
information which is being lost in every cycle. These are the prompt gamma-rays 
which are emitted during the irradiation time of every cycle. Detection of these prompt 
gamma-rays does not cost extra only another additional multichannel analyzer to be 
used with the typical gamma-ray spectrometer used already for conventional and 
cyclic activation. Hence, maximum information, (i.e. detection of the prompt and 
delayed gamma-rays) can be extracted without extra irradiation time. This might be 
very useful especially in studies like in-vivo neutron activation analysis where the 
dose delivered to the patient is of great concern. In this research, it was decided to 
focus the study on elemental analysis using the prompt and cyclic neutron activation 
analysis and not on the conventional NAA due to the high background at the 
irradiation facility laboratory.
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4.2.3.1 - Energy Calibration
In order to establish the energy calibration curve for a wide gamma-ray energy 
range; up to 11 MeV, a solution of sodium chloride was prepared and irradiated for 
a long time. A large number of prompt gamma-ray lines resulted from neutron capture 
with chlorine, and the most intensive peaks can be seen in Figure (4.5). These peaks 
can be used to calibrate the system, however, the well resolved two peaks at 511 keV 
(annihilation peak) and the 2222 keV (neutron capture in hydrogen) which are 
observed in the background spectra are often used in the energy calibration of the 
energy region under 2222 keV. The energy calibration curve is shown in Figure (4.4).
10000 
8000
6000 
4000 
2000
° 0 1000 2000 3000 4000
Channel number
Fig.(4.4) Shows the energy calibration of the system used.
4.2.3.2 - Characteristics o f the background
It is necessary to evaluate the background spectrum in order to know 
quantitatively the various gamma-ray peaks that result from the natural background, 
neutron interaction with the construction materials etc. which may interfere with the 
peaks of interest in the sample spectrum. This background spectrum is then used to 
correct the sample spectrum.
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Fig.(4.5) Neutron capture gamma-ray spectrum of NaCi solution shows the large number 
of prompt gamma-ray lines resulting mostly from neutron capture in chlorine. 
[LT = 62000 s].
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The background spectra were measured with the empty container placed at the 
irradiation position when : a - the neutron source was exposed,
b - the neutron source was shielded.
Due to the neutron capture reactions in the shielding materials, detector crystal, air, 
and source stop, there are some prominent background lines. Others result from the 
neutron source itself. Their energies, count rates, and their sources are shown in Table 
(4.3a) with the neutron source exposed, and Table (4.3b) with the neutron source at 
the shielding position. Their gamma-ray spectra are shown in Figures (4.6), (4.7) 
respectively.
If the concentration of an element is to be determined in a sample which also 
occurs in the background spectrum, corrections should be made due to background 
isotopes. The correction was made in this way :
Ns = Nb+s - Nb
Where Ns is the corrected count rate of the isotope in the sample, NB+S is the isotope 
count rate resulting from the sample and the background and NB is the isotope count 
rate resulting from the background. However, one may argue that the number of 
neutrons scattering is greater when the sample is present compared with the empty 
container, which means that more neutrons would interact with the detector crystal and 
shielding materials, and therefore would contribute more counts in the sample 
background. Detection limits of different elements based on the background spectrum 
are shown in Table (4.4).
4.2.3.3 - Sam ple preparation
Samples of different matrices including sawdust, biomass, coal and fly ash 
were weighed in a polyethylene container of 156 mm diameter and 275 mm length. 
A mass of 2 - 5 kilogrammes was thought to give good sample representativeness. The 
samples were mixed thoroughly for better homogeneity. They were placed horizontally 
with their axes along the neutron source and perpendicular to the detector axis as 
shown in Figure (2.8).
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Fig.(4.6) Measured gamma-ray background spectrum with the neutron source at 
irradiation position. [Live irradiation time; LT = 17 h, s and d are for single 
and double escape peaks respectively].
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Fig.(4.7) Measured gamma-ray background spectrum with the neutron source at 
shielded position. [LT = 28 h].
No. Energy (keV) Isotc
12 1099 Fe
13 1167
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17 1711 H(S)
18 2222 H
19 2615 TL
20 3408 C(d)
21 3919 C(s)
22 4430 C
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Table (4.3a) The elements present in the background, the energies of their isotopes,
count rates and their y-ray sources when the neutron source is at the
irradiation position.
Element Energy
(keV)
count rate (cps) y-ray sources
Ge 52 0.068 0.006 detector
Pb 86 0.125 +0.008 shielding
Ge 110 0.012 ± 0.005 detector
Ge 139 1.9 ± 0.014 detector
- 224 0.089 ± 0.007 -
Ge 251 0.025 ± 0.007 detector
- 279 0.068 ± 0.007 -
- 317 0.13 ±0.007 -
- 344 0.03 + 0.006 -
B 477 0.25 ±0.03 shielding
Li 538 0.117 ± 0.04 shielding
Pb 570 0.26 ± 0.005 shielding
Ge 596 0.639 ± 0.01 detector
Ge 693 1 .1 1  ± 0.02 detector
Cl 789 0.018 ± 0.004 detector+shielding
Pb+Ge 802 0.45 ± 0.005
Ge+Al+Fe 835+841 0.45 ± 0.01 shielding+detector
Ge 870 0.09 ± 0.007 detector
Fe + Ge 897 0.129 ±0.03 detector + shield
Mg+Al 1014 0.118 ±0.04 detector
1064 0.056 ± 0.004
Fe 1097 0.073 ± 0.004 shielding
Cl 1164 0.024 ± 0.003
Fe 1291 0.05 ± 0.005 shielding
V 1434 0.014 ± 0.003 detector
K 1460 0.038 ± 0.004 natural backg.
Ge 1592 0.09 ± 0.005 detector
Al 1779 0.026 ± 0.003 detector
H 2222 0.42 ± 0.004 water shielding
Pb 2615 0.32 ± 0.0035 shield
C 4430 0.61 ± 0.015 neutron source
Ge 5090 0.004 ± 0.001 detector
Ge+Cl 5600 0.007 ± 0.001 detector
Ge+Cl 6111 0.0038 ± 0.001 detector
Pb 6395 0.006 ± 0.001 shielding
Ge+Cl 7414 0.002 ± 0.0005 detector
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Table (4.3b) The elements present in the background, the energies of their isotopes,
count rates and their y-ray sources when the neutron source is at the
shielding position.
Element Energy (keV) Count rate (cps) y-ray source
Ge 139.8 0.0388 ± 0.0017 detector
Pb+Se 163 0.0089 ± 0.0019 shielding
Ge 175 0.0199 + 0.0018 detector
Pb 188 0.0089 ± 0.0013 shielding
Ge+O 199 0.039 + 0.0018 detector + air
Pb 241 0.0091 ± 0.001 shielding
274 0.0033 ± 0.0001
Pb 296 0.0074 ± 0.0017 shielding
Ge 327 0.0072 ± 0.0009 detector
Pb 353 0.01 I d  ± 0.0013 shielding
Ge 417 0.002 ± 0.0007 detector
B 477 0.020 ± 0.0036 shielding
Ge 500 0.0061 ± 0.0009 detector
6+ annih 511 0.387 ± 0.003 p+
Pb 570 0.019 ± 0.002 shielding
Ge 596 0.013 ± 0.0012 detector
Ge 602 0.030 ± 0.001 detector
Pb+Ge 609 0.007 + 0.0008 shielding+detector
Cs 661 0.059 ± 0.0013
Cl 787 0.003 + 0.0008
Pb+Ge 803 0.0029 ± 0.0007 shielding+detector
Ge 868 0.0052 ± 0.0008 detector
Ac 911 0.0012 ± 0.0006 Th series
Fe+In 1098 0,0036 ± 0.0007 shielding+det
H 1201 0.009 ± 0.001 shielding
Fe+In+ Ar 1293 0.0049 ± 0.001 detector + air
K 1460 0.011 ±0.0009 natural backg.
1690 0.016 ± 0.001
H 1711 0.006 ± 0.001 shielding
Al 1779 0.002 ± 0,0005 detector
H 2222 0.073 ± 0.0013 water shielding
TL 2615 0.005 ± 0.0007 Th series
C(d) 3408 0.046 ± 0.005 neutron source
C(s) 3919 0.0367 ± 0.004 neutron source
C 4430 0.050 ± 0.003 neutron source
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Table (4.4) Measured detection limits in terms of 2VB based on the PGNAA 
background spectrum for the analysis mode ti = tm = 1800 s.
Element Radionuclide Sensitivity
Ic/M
Most intense y- 
ray energy 
(keV)
Prompt mode 
x 1 0 4 (ppm)
H 2H - 2 2 2 2 0.057
B UB 3269 All 0 . 0 0 1 0
Mg 25Mg 0.925 2828 19
0.652 1810 23
Al
<00cs 0.768 1779 2 . 2
0.054 2960 33
S 33S 0.511 2380 3.8
Cl 36C1 1 0 . 2 0 1164 0.19
9.70 788 0 . 2 1
K 40k 1 . 6 8 771 0.97
Ca 41Ca 0.563 1943 3.1
Ti 4iTi 8.33 1381 0.23
V 52y 6.79 1434.4 0.28
Mn 56Mn 4.56 2113 0.36
Fe 57Fe 0.509 353 2.9
0.377 1725 5.6
Cu 66Cu 1.83 278 0.138
Zn 66Zn 0.361 1078 8.78
Br 81Br 1 . 2 246 1.4
Ag 109 Ag 20.5 2 0 0 0.09
14.2 237 0.29
In 116In 12.7 417 0.07
4.2.3A  - Sam ple analysis
Different irradiation/counting schemes with different sample-detector 
geometries were tried in order to obtain the best minimum detection limit. Although 
it is preferable to keep the detector as close as possible to the sample in order to
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maximize the detection efficiency, it is unfortunately limited, due to the fact that with 
closer distances, the detector enters the neutron source view and therefore, larger 
fractions of neutrons would travel towards the detector resulting not only in the raising 
of the background and unwanted peaks but may also cause detector deterioration if 
exposed to long irradiation regimes. Therefore it was a compromise between detection 
efficiency and detector life time. A distance of 280 mm between the sample surface 
and the detector window were chosen to be used for the sample analysis in this study.
4.2.3.5  - Spectra  a n d  data analysis
Sample spectra were collected on EG&G ORTEC multichannel analyzer cards 
of 4096 channels inserted in the personal computer "PC" slots. The associated 
software was used for the analysis.
(a) A na lysis  u sing  delayed gam m a-rays
Different modes of analysis have been examined to obtain elemental 
concentrations in different environmental bulk samples. However, in gamma-ray 
spectroscopy, some times the peak of interest is masked by the presence of a high 
pulse continuum due to the scattering of gamma-rays of higher energies. The detection 
limit for these weak radiations is no longer only a property of the measuring system 
but now depends on the entire spectrum. With the chosen cyclic mode of tj = 10s, tw 
= 0.3s and ^  = 10s for a number of cycles (n = 85), minimum detection limits were 
achieved for short-lived nuclei using the same experimental time. The detection limits 
were obtained using the criteria S > 2^B where , S is the signal and B is the 
background under the full-energy photopeak. The range of the full-energy photopeak 
was taken as the full width at ten maximum (FWTM) in that region. After the end of 
the last cycle, where the total measurement time for cyclic mode was 850s, another 
measurement for 5 min was performed to study the possibility of detecting gamma- 
rays from relatively short-lived nuclei induced. Table (4.5) contains the isotopes, their 
most intensive gamma-ray lines, the half-lives of the nuclei of interest [IAE87] and
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the detection limit for the above two modes of analysis in a landfill sample. Figure 
(4.8a) shows the cumulative detector response for landfill sample which was collected 
during those periods when the neutron source is back at its shielded position.
Table (4.5) Measured detection limits in terms of 2^B observed in a landfill sample 
for CNAA and conventional NAA modes based on y-ray energy range 
(40 keV-3 MeV).
Element Radionuc
lide
Most intense y- 
ray energy (keV)
ll 12 Cyclic 
mode (%)
Conventional 
mode (%)
F 2 ° p 1633 1 1 .1  s 6.8 -
Mg 27Mg 1014.1 9.45 m 80 60
Al 28 Al 1778.9 2.31 m 1.9 2.3
37S 3102 5.05 m 69 10
Cl 03 OO 3 Q 660 0.74 s 48+ -
38C1 1642 37.29 m 39 8.3
2166.8 37.29 m 57 10 .8
Sc «mSc 142.5 20  s 0.078 2.4
V 5 2 y 1434.4 3.79 m 0.16 0.13
Mn 56Mn 1810.7 2.58 h 2.9 0.9
Cu “ Cu 1039 5.1 m 1 .6 0.9
Dy 165mDy 108.2 69 s 0.16 0.3
Se 77l”Se 162 17.6 s 0 .6 10.7
Hf 214.3 18.6 s 1.3 39
+ analysed using (ti=2s, tc=0.3s, ^=2$), n = 360
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Fig.(4.8a) Cumulative detector response from an irradiated landfill sample using the cyclic 
mode of (ti = 10s, tw = 0.3s, tm = 10s) for a number of cycles; n = 85.
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Fig.(4.8b) Cumulative detector response from an irradiated landfill sample using the cyclic 
mode of (ti = 2s, tw = 0.3s, tm = 2s) for a number of cycles; n = 360.
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The cyclic activation technique showed its highest sensitivity when determining 
elements of which their isotopes have short half-lives. Isotopes such as 77mSe(t1/2 -  
17.6s, Ey = 162 keV), 190(t1/2 = 29s, Ey = 199 keV), 207mPb(t1/2 = 0.8s, Ey = 570 keV), 
46mSc(t1/2 = 20s, Ey = 142.5 keV) and 38mCl(t1/2 = 0.7s, Ey = 660 keV) are better 
analysed by cyclic rather than conventional activation analysis due to the superior 
signal-to-noise ratio that can be achieved with cyclic activation. In this research work 
and with the present facility, although there is a clear peak at 162 keV of 77mSe, it was 
thought [NIC82] that this peak may be a result of the summation peak of the lead X- 
ray peaks (at 75 keV and 87 keV) produced in the lead collimator and the lead shield 
surrounded the detector. This peak was also observed in the gamma-ray spectrum 
when a 50 cm3 Ge(Li) detector was irradiated by neutrons [BUN74] and attributed to 
the presence of tracers within the detector crystal. Using the background under the 
photopeak, the detection limit was found to be 0.6 x 104 ppm. Correction should be 
made by subtracting the photopeak counts present in the background from the one 
with the sample present in order to find the element concentration. Replacing lead 
shielding material with another material like bismuth not only reduces the uncertainties 
in determining the selenium but may also allow the determination of lead through the 
207mpb isotope. The determination of the concentration of chlorine was also attempted 
through the 38mCl isotope using different time modes of analysis, but no clear peak was 
observed. A detection limit of 48x104 ppm was determined in a landfill sample using 
(tj= 2 s, 0.3 s, t,n= 2 s), n = 360. The cumulative detector response for this mode 
of analysis is shown in Figure (4.8b). Scandium can be determined using the gamma- 
ray energy at 142 keV, after the necessary corrections for the interfering peak from 
(75mGe, Ey = 139.8 keV) are carried out. Oxygen can be measured using lsO(n, y)190  
reaction and the 199 keV gamma-ray energy. Correction should be made for the 
oxygen peak present in the background spectrum from the neutron capture in H20  
which forms the main shielding around the neutron source.
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(b) A na lysis  u sing  prom pt gam m a-rays < 3 MeV
The prompt gamma-rays were accumulated during the irradiation time of each 
cycle giving a total collection time of 850 s. Prompt activation and counting was then 
continued up to 1800 s. Table (4.6) contains the most intensive gamma-ray lines, the 
sensitivity factor (S=Io/M), where , 1,= number of photons emitted per 100 neutrons 
captured, a  = neutron cross section in barns and M = atomic mass, [SEN71], and the 
detection limit determined in a landfill sample. An example for the type of prompt 
spectrum collected for an irradiation time of 1800 s is given in Figure (4.9).
In the spectrum shown in Figure (4.9), there are many peaks resulting from 
neutrons interactions with the germanium crystal such as 53, 110, 141, 185, 492, 500, 
596, 693, 868 and 1095 keV, which cover a wide range of the energy spectrum. These 
peaks may interfere or through their Compton scattering, raise the background of the 
photopeaks of interest reducing the signal to noise ratios. In addition, there is the very 
intensive annihilation peak (511 keV), which can have a serious effect in raising the 
background continuum in the lower energy region. Peaks at 600 and 693 keV 
produced by inelastic scattering in 74Ge and 72Ge, respectively have larger width 
compared to the other peaks. Line broadening results from production of hole-electron 
pairs by the recoiling germanium atoms produced in the inelastic scattering event. 
Recoil energies depend on the scattering angle of the inelastic neutron [CHA65].
Some other peaks in the spectrum are a result of neutron interactions with the 
lead shield 8 6 , 570, 2615 keV, with the Li2C03 shield 538 keV and with hydrogen 
atoms in water; 2222 keV. The gamma-rays from neutron capture in hydrogen; 2222 
keV can be seen as a very intense peak and with its single and double escape peaks 
have contributing significantly in raising the continuum background under the lower 
energy region which may hinder the use of some full-energy photopeaks in 
quantitative analysis.
(C) A na lysis  using  prom pt gam m a-rays > 3 MeV
Elemental analysis can also be performed using the higher energy region of the
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Fig.(4.9) Measured gamma-ray spectrum from an irradiated bulk landfill sample 
[Live irradiation time, LT = 1800 s].
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Table (4.6) Measured detection limits (2VB) observed in landfill sample for PGNAA
mode based on y-ray energy range (40 keV-3 MeV), ti = tm = 1800s.
Element Radionuclide Sensitivity
lp/M
Most intense y- 
ray energy 
(keV)
Prompt mode 
x 104(ppm)
H 2H - 2222 0.06
B “B 3269 477 0.0012
Mg 25Mg 0.925 2828 22
0.652 1810 29
Al 28A 1 0.768 1779 2.5
0.054 2960 36
S 33s 0.511 2380 4.1
Cl 36a 10.20 1164 0.22
9.70 788 0.24
K 4°k 1.68 771 1 .1
Ca 41Ca 0.563 1943 3.4
Ti 49Ti 8.33 1381 0.25
V 52y 6.79 1434.4 0.29
Mn 56Mn 4.56 2113 0.43
Fe 57Fe 0.509 353 3.6
0.377 1725 7.6
Cu 66Cu 1.83 278 0.15
Zn 66Zn 0.361 1078 9.5
Br 81Br 1.2 246 1.5
Ag 109 Ag 20.5 200 0 .12
14.2 237 0.27
In 116In 12.7 417 0.07
spectrum. At high gamma-ray energies, the probability that photons undergo pair 
production reaction is increased, and the interaction of subsequent annihilation photons 
may result in full deposition of their energy in the detector crystal (full photopeak) or 
may result in one or both of the annihilation quanta escaping from the detector. If one 
of these annihilation quanta escape from the detector, then the resulting peak would
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be 511 keV less than the full- energy photopeak and if both of the quanta escape from 
the crystal, then the resulting peak would be 1022 keV less than the full-energy 
photopeak. They are respectively called single and double escape peaks.
In all collected "prompt" spectra, it was not possible to use the energy region 
between 3.4 - 4.43 MeV for the analysis due to the presence of 4.43 MeV gamma-rays 
from the first excited state of 12C and its single; 3.919 MeV and double; 3.4 MeV 
escape peaks, Figure (4.10). These peaks are as a result of the 9Be (a,n) 12C reaction 
which occurs within the neutron source, and the recoiling of the carbon nucleus results 
in the Doppler broadening of the emitted gamma-rays and the width of the peaks is 
greater than that of any other peaks observed in this region.
Channel number
Fig.(4.10) Section of the prompt gamma-ray spectrum of a landfill sample 
showing the carbon photopeak; 4430 keV and its single and 
double escape peaks.
In utilizing the high energy region for the elemental analysis using the absolute 
method, which needs the knowledge of the detector absolute efficiency variation with 
energy, one can no longer base the efficiency calibration only on radioactive point 
sources. Instead, gamma-rays emitted from nuclear reactions can be useful. The
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Am/Be neutron source was used to irradiate sodium chloride solution that leads to the 
emission of high energy gamma-rays. The well known gamma-ray lines from neutron 
capture in nitrogen, 14N(n/y)15N with their well known emission probabilities 
(uncertainties as low as 2  % for the emission probabilities per neutron capture were 
reported [KEN86] ) can make the reaction a best choice, however, its low neutron 
cross section of 75xl0 ‘27 cm2 which is a factor of 500 lower than that of 35Cl(n,y)36Cl 
is considered as a disadvantage.
To extend the efficiency calibration curve range beyond that of the available 
radionuclides, knowledge of the relative emission probabilities of the emitted gamma- 
rays (which are mainly from chlorine) is necessary and moreover, at least one of the 
emitted gamma-rays should be emitted in the energy range for which the efficiency 
has already been determined using the point sources. The set of the relative efficiency 
values obtained using the gamma-rays from isotope chlorine can then be normalized 
to fit in with the known efficiency values using the formula [DEB88] :
' A U
Where, e(Ej) is the unknown efficiency at certain energy Ej5 er(Ej) is the measured 
relative efficiency at the energy Ej [The number of counts in the peak divided by its 
emission probability, p(Ej)]; these emission probabilities were taken from [STE78], 
e(Ej) is efficiency at the energy point determined within the established efficiency 
curve (using point sources) and e/Ej) is its relative efficiency. This method is called 
the "efficiency-ratio" or the " point-pair" method.
At high photon energy, the pair production interaction becomes very important 
and the resultant single and double escape peaks may be comparable to or larger than 
the full-energy peak. Therefore, in addition to the full-energy peak efficiency, the 
double and single escape peak efficiencies were obtained, Figure (4.11). The double
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and single peak absolute efficiencies were obtained by multiplying the absolute full- 
energy peak by two ratios; R" and R ' respectively, where :
rh -  double escape peak area 
full-energy peak area
r ' -  single escape peak area 
full-energy peak area
Energy (keV)
Fig.(4.11) The absolute efficiencies of the Ge(Li) detector as a function of the photon 
energy at a distance of 359 mm between the voluminous source and the 
detector. The source is NaCl solution in a polyethylene container of 156 
mm dia. and 279 mm thickness irradiated with the Am-Be neutron source. 
The full-energy peak, the single and the double escape peak efficiencies 
are also given in the figure.
140
Table (4.7) Measured detection limits (2VB) observed in a landfill sample for the
PGNAA mode based on y-rays energy range (4.4 - 11 MeV), ti = tm = 1800s.
Element Most intense 
y-ray energy 
(keV)
Sensitivity factor 
Ip/M
Detection limit 
x 104 (ppm)
O 6129 - 0.36
C 4436 - 0.13
Na 6395 0.592 0.88
5374 (d.e) 0.89
Mg 8154 0.01 18.5
Al 7724 0.175 32
S 5420 0.678 0.79
Cl 6111 14.8 0.066
5600 (s.e) 0.1
5089 (d.e) 0.1
K 5380 0.393 0.29
Ti 5394 (d.e) 0.06
Mn 7244 2.92 0.11
Fe 7632 1.27 0.37
Cu 7915 1.72 0.36
Zn 7863 0.197 2.6
Se 6601 0.671 3.6
Ag 5700 0.911 0.035
Hg 5967 28.8 0.07
Detection limits were measured using the energy region between 4.4 and 11 
MeV. Table (4.7) shows the most intensive peaks used in the analysis with their 
sensitivity factor and the observed detection limit.
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4.2.4 - RESULTS AND DISCUSSION
Long irradiation/counting times were performed in order to obtain good 
counting statistics (since the neutron flux is very low). The samples were irradiated 
/  counted for up to 24 hours to allow isotopes of interest to build-up their activities. 
Figure (4.12) shows the resulting peaks in a prompt gamma-rays spectrum of an 
irradiated coal sample. The detection system must have very good energy resolution, 
as there is a high density of lines especially below 2 MeV. Thus Ge(Li) or intrinsic 
Ge detectors must be used. Calculations based on capture cross sections, prompt 
gamma-ray intensities and detection efficiencies invariably predict that the highest 
sensitivities for analysis for most elements are those based on gamma-rays of less than 
2 MeV, mainly because of the strong fall-off of the detector efficiency curve at 
highest energies. However, in practice it is usually desirable to base analysis on much 
higher energy gamma-rays despite their much lower counting rates, as there is much 
less overlap of peaks at high energy and the general background is lower. 
Unfortunately, for some nuclides, the decay of the excited state may proceed by a 
cascade of low energy gamma-rays with few gamma-rays of several MeV. Thus, while 
some elements such as N, Fe, Cl can be observed through high energy gamma-rays, 
several elements such as Cd and B can be observed only via gamma-rays of energies 
below 1 MeV, so the system must be effective from 0.1 to 11 MeV to observe all 
possible elements.
The detection limits obtained in different matrices were found to be high, 
especially when low energy gamma-rays were used due to the presence of intensive 
peaks at different energies resulting from neutron interaction with germanium, 
hydrogen and the surrounding materials resulting in either interferences with the 
gamma-ray lines of interest or an increase in the background under the photopeaks of 
interest.
When radionuclide activities differ significantly from each other or when the 
gamma-ray emission rates are low, the uncertainty in calculating the peak area can be 
very large due to Compton background from the higher energy intense photon
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Fig.(4.12) Measured prompt gamma-ray spectrum from an irradiated bulk coal sample, 
[live irradiation time, LT = 62000s].
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emissions. This can be observed from the large errors associated with some elemental 
concentrations which are only due to counting statistics. Scattered background can be 
lowered significantly using Compton suppression systems. The low neutron flux 
available at the irradiation position and the use of quite low efficiency Ge(Li) detector 
are important factors if improved or replaced, elemental sensitivities can be 
significantly improved.
Elemental concentrations were measured in different matrices using the 
absolute method Eq.( 1.20). Table (4.8) shows the elemental concentrations determined 
in landfill, coal, sawdust and fly ash samples.
Table (4.8a) Elemental concentrations in sawdust and landfill samples using the 
absolute method.
Sawdust Landfill
Element Concentration 
ppm (xlO4)
Error ] 
1<J(%)
Element Concentration 
ppm (xlO4)
Error
1ct(%)
H 7.6 1.4 H 3.8 1.4
B 0.0028 3.5 B 0.0016 3.5
C 53 3.4 C 29.5 3.5
O 13.1 3.4 O 2.7 4.3
Al 2.1 2.1 Al 0.84 2.2
Si - - Si 2.43 2.9
S <0.8 - S 1.13 43
Cl 0.57 15.4 Cl 0.1 26
Ti 0.49 17 Ti 0.08 26.7
Fe - - Fe 1.5 2.4
144
Table (4.8b) Elemental concentrations in coal and fly-ash samples using the 
absolute method.
Coal Fly-ash
Element Concentration 
ppm (xlO4)
Error
lo(%)
Element Concentration 
ppm (xlO4)
Error
1g(%)
H 4.6 1.5 j H 5.7 1.49
B 0.0017 4.4 B - -
C 82.7 3.6 C 42.2 3.5
O 5.2 3.2 O 7.1 3.3
Al 3.96 8.6 Al 1.4 2.1
Si 1.75 2.9 Si 6.2 2.8
S 0.93 11 S 1.63 58
Cl 0.092 18 Cl 0.08 16
Ti 0.076 38 Ti 0.39 16.6
Fe 0.88 6.1 Fe 5.9 2.1
The major elements in landfill and coal samples can be classified into two 
groups according to their nuclear reactions by which prompt or delayed gamma-rays 
are emitted. Group I : "fast group" which includes oxygen and carbon. These were 
determined through their (n,n'y) reactions. Using an 241Am~Be neutron source which 
emits a significant number of neutrons above 6 MeV (threshold energy for oxygen), 
oxygen can be observed adequately through the 160  (n,n'y) reaction with a gamma-ray 
energy of 6129 keV, while carbon can be observed through 12C(n,n'y)12C reaction with 
a gamma-ray energy of 4436 keV. Group I I : "thermal group" includes elements such
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as hydrogen, sodium, aluminium, sulphur, silicon, chlorine, iron, and titanium. They 
were determined through their (n,y) reactions.
The results of coal sample were compared with the concentration values in the 
literature [JIN86], [WAR86], [CLA83a] and found that most measured elemental 
concentrations are within the literature values range, Table (4.9).
Table (4.9) A comparison between the measured elemental concentrations in coal
sample with the literature values in (%) unless indicated.
Element [CLA83a]
UK
[WAR86] 
South Yorkshire
[JIN86] 
Chinese Canadian
measured
values
H 5.11 - 6.92 - - - 4.6
B (ppm) - 50.3-106.7 - - 17
C 68 - 87.88 - - - 82.7
0 - - - - 5.2
Al 1.12 - 6.88 0.11-0.53 0.96-5.86 1.0-2.79 3.96
Si 2.58 - 12.29 - - - 1.75
S 1.08 - 3.12 2.1-6.1 0.17-9.33 0.23-3.80 0.93
Cl (ppm) 1100 - 4200 159.6-1028.9 19.8-1630 12.2 -2921 920
Ti (ppm) 400 - 2300 20.94-122.84 531-2642 714-1554 760
Fe 0.48 - 2.04 3.49-7.26 0.31-3.14 0.21-3.39 0.88
The inter-relationships between the measured elements in these different types 
of samples were performed using their correlation coefficients, r, defined as :
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CASE LABELS
1 H 
6 Si
2 B
7 S
3 C
8 Cl
4 O
9 Ti
5 Al
10 Fe
ITEMS GROUPED 
CYCLE I J COEFF
10
*
1 6 10 1.000 *2 3 5 0.998 *
3 1 4 0.994 *
4 2 8 0.993 *
5 6 7 0.987 *6 1 9 0.890 *
7 1 2 0.635 *8 1 3 -0.238 *
9 1 6 -0.690 **
I I
* * * * * * * * * * *
Fig.  (4.13a) Dendrogram resu ltin g  from Clink c lu ster in g  of the 
combined elemental concentrations of the studied  
samples.
Type of samples 
1 Sawdust 2 L andfill 3 Coal 4 Fly-ash
CALCULATE SIMILARITY MATRIX
ITEMS GROUPED 
CYCLE I J COEFF
0.995 **
*
0.983 ** 
*
0.977 **
* * * * * * * * *
Fig.(4.13b) Dendrogram representing s im ila r ity  of the samples with 
respect to  th e ir  measured elemental concentrations.
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Where x and y are any two data sets each with n values and means of x and y. Table 
(4.10) shows the matrix of correlations between the elemental concentration measured 
in the studied types of materials. Cluster analysis was also performed which gave 
similar results to that presented in Table (4.10) with a dendrogram as a convenient and 
understandable form of presentation, Figure (4.13a). Cluster program was also used 
to calculate similarity matrix between these types of materials, the output of which is 
presented in Figure (4.13b).
The significance of correlation between the measured elements were assessed 
using the tables that test for the significant positive correlation between two variables. 
Table(4.10) shows that several strong correlations exist between the various elements 
measured. These correlation coefficients are enclosed in double lined boxes to 
emphasis their importance. The dendrogram shown in Figure(4.13b) also indicates the 
strong similarity between the landfill and coal sample (0.995) as well as between these 
samples and fly-ash (0.983). Sawdust has quite different elemental concentrations, so 
it has clustered separately.
Due to the small number of samples analysed, there is no final conclusion to 
be drawn in terms of data interpretation. This was beyond the scope of this thesis, 
since the intention was to establish the methodology of analysis with the necessary 
corrections.
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C H A P T E R  5
M U L T IE L E M E N T A L A N A L Y S I S  U S IN G  O T H E R  T E C H N IQ U E S
5.1 - ANALYSIS USING A NUCLEAR REACTOR
Although there are several types of neutron sources, including reactors, 
generators, accelerators and isotopic sources, nuclear reactors with their high fluxes 
of neutrons from the fission of 235U give the most intense irradiations and hence the 
highest sensitivities available for NAA. Under such conditions up to 40 to 50 elements 
can be determined in one sample. The majority of the elements in the periodic table 
can be measured in the part per million (ppm) or even in the part per billion (ppb) 
concentration range. The non-destructive nature of INAA is considered as one of the 
main advantages of the technique since it allows other complementary methods to be 
applied on the same samples for further investigations.
Every technique has advantages and disadvantages, and NAA employing a nuclear 
reactor is no exception. It is based on a nuclear reactor facility which is considered 
rather expensive and in general cannot be available in the fields where speedy analysis 
is required. For some elements which are based on long-lived radionuclides for the 
determination of concentrations, long irradiations of many days or even weeks and 
measurement times of tens of hours (per sample) are often needed which together with 
the considerable decay times which are occasionally required to reduce interfering 
activities, makes the time for availability of results very lengthy. The ways to remedy 
these inconveniences is by turning to larger samples, higher fluxes and efficient 
counting devices (large semiconductor detectors) if possible and financially justifiable. 
Another drawback of reactor NAA is the build up of long-lived radioactivities during 
long irradiations, so that handling waste disposal can be problem.
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5.1.1 - R eactor facility descrip tion
A brief description of the facility used for the elemental analysis is given in 
this section. The Consort-II reactor at the Imperial College Reactor Centre (ICRC) was 
employed in the study. It consists of 24 fuel elements of enriched uranium (80% 235U) 
clad in high purity aluminium, and is moderated, reflected, and cooled with light 
water. The core is contained in an aluminium tank of ~ 7 m deep and 1.5 m diameter 
through which deionised water circulates. The water is pumped at a rate which keeps 
the temperature difference between the inlet and outlet temperature ~ 10°C. To control 
the reactor, four control rods are used. Three are made of cadmium and considered as 
the main or coarse control rods, while the other control rod is made of stainless steel 
which used for fine adjustment of the neutron flux. Figure (5.1) shows the schematic 
diagram of the reactor core. Concrete has been used as a biological shield for the 
reactor. A concrete wall of 2.5 m width was used on two sides of the reactor, while 
the other two sides are shielded with removable concrete blocks for easy access to 
thermal column facilities. For detailed information consultation of the report [ICR80] 
is advised. Different irradiation facilities are available at ICRC however, only two of 
them were used in this study; the Cyclic Activation System (CAS) which was used 
only for one-shot irradiation and the Core Tubes (CT).
5.1.1.1  - The cyc lic  activa tion  s y s te m  (CAS)
This system is installed on the zero degree face of the reactor core. Spyrou and 
his group at Surrey University in collaboration with the group at ICRC have developed 
the system in the period between 1974 and 1981 to improve the sensitivity of short 
lived radionuclides by using cyclic neutron activation analysis which gives better 
signal to noise ratio than the one-shot irradiation. With this system, conventional (one 
shot), cyclic and pseudo-cyclic activation can be performed either in a mixed neutron 
flux or in an epithermal neutron flux using the aluminium tube (bare tube) or a 
cadmium sleeved aluminium tube, respectively. These two tubes are located adjacent 
to one of the vertical faces of the reactor core, and are concentric with an inner
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Fig.(5.1) The reactor facility 
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aluminium flight tube of 17 mm diameter and outer tube of 24 mm, the latter provides 
the annulus through which return gas flows. The sample capsules (15mm diameter x 
30mm height) are transferred between the irradiation and counting positions in a short 
period, typically ~ 0.2s using nitrogen gas of 0.5 atmospheric pressure. The sample 
capsules are loaded onto a magazine through a vertical aluminium loading tube of 17 
mm diameter. The magazine consists of a precision machined aluminium disc 
containing 30 equally spaced capsule ports from which the irradiation capsules can be 
sent to the irradiation positions. There are four modes of operations used in the CAS 
system :
Mode I : In this mode, during any cycle there are always three samples in the system, 
occupied the three positions; irradiation, waiting and counting positions. This means 
that irradiation, waiting and counting times should be equal, and this may considered 
as a limitation for this mode. However, it has the advantage of analysing maximum 
number of samples in a certain period of time.
Mode I I ; In this mode, only one capsule is present in the system at a time. It has the 
advantage of simplicity and the free selection of the irradiation, waiting and counting 
times, but it is considered as time consuming.
Mode III : In this mode, two capsules are in the system. One should be at the 
irradiation position, while the other is at the counting position with the decay time 
minimized to the transfer time.
Mode IV : In this mode, only one capsule remains in the system. It has been designed 
to perform automatic cyclic activation in which the capsule oscillates between the 
irradiation and counting positions with pre-set timing parameters and number of 
cycles. It also has the advantage of free selection of the timing parameters.
With all modes of analysis mentioned, the counting can be performed on a 
counting system comprising a coaxial Ge(Li) detector, with an active volume of 30 
cm3 which has an energy resolution of 1.7 keV at 1332 keV of 60Co. The system has 
been recently updated and a new CANBERRA multichannel analyzer (MCA) card 
with a personal computer were incorporated. The timing parameters settings, the
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choice of mode, the choice of irradiation tube, the number of cycles etc. can be 
introduced through the personal computer which has full control of the system. The 
spectra can be stored on hard disc or on floppy discs for further analysis. The cyclic 
activation system has the disadvantage of having a high background from the reactor 
and the irradiation tubes.
5.1 .1 .2  - The core  tu b e s  (CT)
These are vertical tubes which are found on the 90° and 270° outer faces of the 
reactor core, to be used mainly for long irradiations. There are 8 different core tubes 
in the reactor which provide different neutron fluxes and one of which (no. 8) is 
sleeved with cadmium for epithermal neutron activation. Each tube can hold up to 6 
large containers (each carries 13 samples) which should be loaded into the tube before 
the start up and unloaded after the shut down of the reactor. For irradiations exceeding 
90 hours, aluminum containers are used to resist neutron damage. The neutron fluxes 
available in these tubes are presented in Table (5.1).
5.1 .2  - Preparation o f sa m p le s
Sample preparation procedures for neutron activation analysis are usually 
dependent on the type of sample being investigated. For instance, procedures involving 
preparation of geological samples are simpler than those for biological samples. All 
types of samples, however should be prepared with care in a clean room which is 
equipped with adequate ventilation in order to avoid contamination from air 
particulates [ALF90]. Geological samples for instance, should be crushed into powder 
form to ensure sample homogeneity and the type of mortars (a source of 
contamination) should be chosen depending on what elements are to be measured so 
that contamination can be avoided. With biological and environmental sample 
preparation, more complex procedures are involved which may include washing, 
drying, freeze drying or ashing and homogenization depending on the nature and 
physical form of the sample.
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In this study, samples were prepared in the ’ trace element clean room’ of the 
Physics Department. This room is provided with a laminar flow hood, for laminar 
flow of air passing through a high efficiency particulate filter, where the actual sample 
preparation takes place. Facilities such as an electronic balance with a sensitivity of 
0.1 mg, a deionized water production unit, a fridge-freezer unit, a freeze dryer, a 
centrifuge unit and a stainless steel pelletizer are also provided. All other materials 
including standards, gloves, paper-tissues, plastic bags were also available.
Samples of sawdust, landfill, coal and ash were ground. . using porcelain 
pestle and mortar and mixed thoroughly to ensure their homogeneity and then freeze 
dried to get rid of water. Freeze drying was chosen to avoid any loss in the volatile 
elements. Samples were prepared in pellet form of 7mm diameter and > 2 mm 
thickness using a stainless steel pelletizer. A pressure of 2 tonnes was applied in order 
to obtain such a pellet. The pelletizer and all the apparatus used in the preparation 
were preliminary soaked in detergent diluted with double distilled water, followed by 
thorough washing and rinsing with double distilled water and then left to dry in the 
laminar flow hood. This process was repeated before the preparation of each pellet.
For long irradiation, the samples were placed in pre-cleaned small polyethylene 
capsules with inner dimensions of 13 mm diameter x 4 mm height. Then every 13 of 
these small capsules with Zr wire to monitor the thermal neutron flux were packed 
into one large polyethylene container (25 mm diameter x 75 mm height). The 
containers were then heat sealed to be ready for the irradiation in the core tubes of the 
Imperial College Reactor Centre. The neutron flux in these tubes and in other different 
positions in the reactor have been given in Table (5.1). The samples and standards 
with masses in the range of 100-200 mg were irradiated in the core tubes of the 
reactor. IAEA reference materials such as Soil-7 and SL-1 were used as standards. 
They were prepared in the same way as the samples, and at least two standards were 
put in each large container.
For short irradiation, special capsules used for the pneumatic transport system 
of the reactor were provided. The capsules were cleaned as before with double
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Table (5.1) Thermal neutron flux values at different irradiation facilities of the 
CONSORT II reactor [ICR93].
Facility Positions Thermal flux 
(n/cm2.s)
ICIS _ 2.27 x 1012
CAS Bare tube 1.30 x 1012
CAS Cd tube 0.19 x 1012
ALVIS - 0.95 x 1012
ELVIS - 0.13 x 1012
1 CT 1,6 0.54 x 1012
(large tube) 2,5 0.69
3,4 0.74
2 CT 1,6 0.69 x 1012
2,5 0.93
3,4 1.08
3 CT 1,6 0.81 x 1012
2,5 1.02
3,4 1.14
4 CT 1,6 0.96 x 1012
2,5 1.23
3,4 1.37
5 CT 1,6 0.84 x 1012
2,5 1.14
3,4 1.33
6 CT 1,6 0.78 x 1012 ;
2,5 1.05
3,4 1.16
7 CT 1,6 0.62 x 1012
2,5 0.87
3,4 1.01
8 CT 1,6 0.40 x 10u
(Cd tube) 2,5 0.54
3,4 0.63
distilled water and dried. Sample pellets of 10 to 20 mg were prepared and put in 
these capsules ready for irradiation. Larger masses were avoided due to the large dead 
time encountered, however, four to five pellets were made from each sample.
156
5 .1 .3  - Sh ort irradiation an d  counting sch em e
Irradiation was performed using a fast pneumatic transfer system which enable 
samples to be rapidly transferred from irradiation to counting position and vice versa. 
Different sample matrices such as landfill, coal, sawdust and ash samples were 
irradiated in the Cyclic Activation System (CAS) which gives a thermal neutron flux 
of ~ 1.30 x 1012 n /cm2.s. Samples and standards were irradiated for 1 min, and 
counted for 5 min after a decay time of 1 min to measure the short-lived activities. 
IAEA reference materials (Soil-7 and SL-1) were used as standards. Spectra were 
collected on the microcomputer-based MCA. The irradiation time, decay time, 
measurement time and the number of samples were inserted through the PC. All the 
processes including timing parameters control, sample transfer to irradiation position, 
transfer to counting position, storing the spectra, sample discharge and reloading 
another sample can be achieved automatically in one run. Spectra were analysed using 
the "CANBERRA SPECTRAN-AT V4.3" computer code. Elements such as V, Mg, 
Ti, Mn, Ca were determined. Although the sort of sample weights were small (10-20 
mg), large dead times were still found in most cases. This in part was attributed to the 
high background within the CAS system. Concentration of these elements in the 
different matrices are shown in Tables (5.5,6,7).
5.1.4  - Long irradiation an d  counting  sch em e
Samples and standards were irradiated for 8 hours in the CT facility of the 
reactor. The samples after being unloaded were transferred to the University of Surrey- 
Physics Department to be counted on the gamma-ray spectrometer system. The system 
comprises a Ge(Li) detector in conjunction with a Nuclear Data (ND66) multichannel 
analyzer /  computer terminal which is connected on-line with the mainframe computer 
of the University, so that all the accumulated spectra can be automatically transferred 
for further processing. The system is connected with a sample exchanger which holds 
up to 12 samples enabling counting the samples and transferring of spectra in turn. 
This configuration offers excellent positional accuracy (~1 mm) which is important
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when counting is performed close to the detector crystal. The samples were transferred 
from the irradiated capsules to clean ones before loading in the sample exchanger to 
avoid any contributions from the containers. Each Zr wire was cut in four similar 
sized pieces to be counted separately and used for neutron flux correction. These wires 
were then weighed for normalization. Energy calibration was performed using a 152Eu 
source. The measurement time setting and the number of samples were inserted 
through the computer terminal. A counting scheme of three measurements was 
performed, the first was for a 15 min live time counting started after ~ 4 days from 
the end of irradiation, because the samples were veiy hot and hence, it was not 
possible to count before that time due to the large dead times encountered. 
Radionuclides of elements such as Na, K, Au, As, La, Ho, Sm were detected. A 
second measurement was taken for 5000 s live time after ~ 6 days and elements such 
as Br, Ba, Cr,Th, Au, Co, Ca, Yb, Sm, Ho, K, Hf were measured and finally a 
measurement of 3 h started after a decay time of ~ 45 days was performed and the 
concentrations of elements such as Mn, Fe, Hf, Cr, Zn, Sc, Th, Se, Ta, Tb, Rb, Eu 
were determined. A typical gamma-ray spectrum for a landfill sample irradiated by 
the reactor neutrons is given in Figure (5.2).
5 .1 .5  - R esu lts  an d  d iscu ss io n
The spectra after being transferred to the mainframe were analysed using a 
modified SAMPO [ROU69] program. This program was mainly used to find the area 
under the photopeaks. The elemental concentrations were calculated using the 
comparator method. Table (5.2) shows the elements, their isotopes and their nuclear 
characteristics used in the analysis. A simple quality control procedure is to include 
one or more samples of the standard reference materials of known concentrations in 
each batch of unknown samples to be analysed. If the result obtained for the reference 
material agrees with the known composition within the expected uncertainty, the 
corresponding results for the unknown sample acquire considerable confidence that the 
procedure was performed correctly. The IAEA Soil-7 reference material was used to
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Fig.(5.2) The gamma-ray spectrum of one of the irradiated landfill sam ples in the 
nuclear reactor (Core tube CT5/3), irradiated for 8 h and measured 
after different periods of decay times.
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control the analysis. A comparison between the measured concentrations and the 
literature values is shown in Table (5.3). Figure (5.3) indicates the good agreement 
between the measured concentrations and the literature one with a slope of 0.9955. 
Measurement of the samples was performed after different periods of decay times to 
extract maximum information with good accuracy by allowing interfering 
radionuclides to decay. In Table (5.4), a comparison between the detection limits 
determined in a fly ash sample for the three modes of analysis is given. The mode of 
analysis which shows the minimum detection limit for a particular element may be 
considered as the best of these tested modes. Tables (5.5), (5.6) and 5.7 show the 
measured elemental concentrations with the associated errors and the determined 
detection limits in different sample matrices. Figures (5.4a,b,c) present the variation 
of every individual element concentration in these different types of materials.
M easured conc.
Fig.(5.3) A comparison between the literature and measured concentrations 
in Soil-7 using INAA.
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Table (5.2) Nuclear characteristics of the target elements and their isotopes used in the 
analysis, [IAE87], [DES72]
Element Isotope Abundance Energy
(keV)
Iy <?o(b) h/2
Na MNa 100 1368 47 0.4 15 h
Mg* 27Mg 11.01 1014.1 30 0.035 9.45 m
K 42r 6.7 1525 100 1.46 12.52 h
Ca 47Ca 0.003 1296.9 90 0.74 4.7 d
Sc 46Sc 100 889.4 50 9.8 83.9 d
Ti* 51Ti 5.3 320 90 0.179 5.79 m
v* 52y 0.25 1434.4 100 4.93 3.76 m
Cr 51Cr 4.35 320 100 15.9 27.8 d
Mn* S6Mn
54Mn
100 1810.7
834.8
20
100
13.3
70
2.58 h 
291 d
Fe S9Fe 0.31 1098.6 50 1.28 45.1 d
Co 60Co 100 1173.1 100 18.8 5.24 a
Zn 65Zn 48.9 1115.4 100 0.76 245 d
As 76 As 100 559.2 75 4.48 26.3 h
Se 75Se 0.9 264.6 30 51.8 121 d
Br 82Br 49.31 776.6 30 2.43 35.87 h
Rb 86Rb 72.17 1076.6 100 0.053 18.66 d
Ba 131Ba 0.101 373.1 20 2.5 11.3 d
La 140La 99.911 1595.4 50 8.93 40.27 h
Sm 153Sm 26.63 104.2 90 206 47.1 h
Eu 152Eu 47.77 1407 20 4.2 12.2 a
Tb lfi0Tb 100 879.4 20 23.2 73 d
Ho 166mHo 100 752.3 11.8 61.2 4.4 esd
Yb 169 Yb 0.140 177 15 3470 30.6 d
Hf 181 Hf 35.22 482.2 60 12.6 44.6 d
Ta 182Ta 99.988 1221.6 14 0.012 115.1 d
Th 233pa 100 311.8 80 7.4 27 d
* analysed with CAS system, 
others analysed using CT facility.
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Table (5.3) A comparison between the measured and certified concentrations (ppm) 
in IAEA Soil-7 reference material.
Element Concentrations in 
(flg/g) ± l c  %
Det. limit 
(ppm)
Certified values 
± la  %
Na 1710 ± 0.7 3.8 2400*
Mg 12017 ± 49 5322 11300*
Ca 163530 ± 11 5776 163000*
Sc 8.8 ± 0.4 0.01 8.3 ± 1.3
Ti 2242 ± 22 683 3000*
V 74.5 ± 9.9 6.1 66 ±11
Cr 66 ± 2.4 0.44 60 ± 21
Mn 630.6 ± 2.1 109 631 ± 3.6
Fe 26870 ± 0.8 45 25700*
Co 8.48 ± 1.5 0.03 8.9 ± 9.6
Zn 103.7 ± 3.2 1.2 104 ± 5.8
Tb 0.64 ± 8.8 0.02 0.6 ± 33
Rb 46.9 ± 11 2.3 51 ± 8.8
Se 0.42 ± 23 0.05 0.4*
Sb 1.97 ± 10 0.09 1.7 ± 12
Sm 6.6 ± 8.1 0.26 5.1 ± 6.9
Yb 2.42 ± 8.0 0.11 2.4 ± 15
Ta 0.63 ± 7.6 0.02 0.8 ± 25
Eu 1.1 ±3.3 0.009 1.0 ± 20
Hf 5.5 ± 2.1 0.04 5.1 ± 6.9
* These are non certified values.
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Table(5.4) A comparison of the detection limits (ppm) in a fly-ash sample between the 
three performed measurements.
Element 1st
measurement
2nd
measurement
3rd
measurement
Cr 2.56 0.67 0.9
Sm 0.276 - -
Th 0.204 0.04 0.095
Yb 0.083 0.03 0.22
Au - 0.0027 -
Hf 0.35 0.09 0.086
As 0.15 - -
Br 0.28 0.15 -
Sc 0.06 0.016 0.014
Fe 459 163 133
Zn 24.8 5.9 2.8
Co 0.79 0.22 0.09
Ca 2023 1435 -
Ho 0.04 0.02 -
Cs 1.4 0.27 -
Na 6.3 7.6 -
K 209 280 -
La 0.12 0.14 -
Sb - 0.43 0.094
Ta - - 0.073
Rb - 5.2 -
Ba - 75 -
Eu - - 0.029
Se - - 0.098
Mn - - 12.2
Tb - - 0.053
1st measurement after ~ 4 days decay time 
2nd measurement after ~ 6 days decay time 
3rd measurement after ~ 45 days decay time
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Table (5.5) Elemental concentrations in (ppm) of sawdust and landfill samples using
reactor neutron activation analysis.
Element Sawdust 
(ppm) ± 1g %
Det. limit 
(ppm)
Landfill A 
(ppm) ± lo%
Det. limit 
(ppm)
Na 94.3 ± 3.8 0.4 2838 ± 0.97 4.2
Mg 1490 ± 60 920 13470 ± 39 4477
K 255 ± 17 34 7506 ± 8.2 186
Ca 1356 ± 30 257 65107 ± 5.9 3280
Sc 0.01 ± 17.6 0.002 3.94 ± 0.8 0.005
Ti - 115 2097 ± 25 393
V - 0.7 35.2 ± 17 4.6
Cr 6.3 ± 4.2 0.11 148 ± 1.5 0.54
Mn 133 ± 16 9.7 457 ± 4.4 61
Fe - 23 19869 ± 1.5 71
Co 0.13 ± 21 0.015 12.8 ± 2.5 0.068
Zn 13.6 ± 12.7 1.2 1161 ± 3.5 1.8
As 10.5 ± 2.1 0.03 11.6 ± 3.4 0.1
Se - 0.08 1.0 ± 19.7 0.07
Br 0.4 ± 10 0.024 32.9 ± 2.3 0.08
Rb - 2.0 35.5 ± 16.8 2.3
Ba - 7 1659 ± 12.5 21
Cs - 0.06 4.1 ± 8.1 0.19
La 0.03 ± 16 0.007 36.3 ± 1.7 0.11
Sm - 0.19 1.94 ± 11.4 0.03
Eu - 0.015 0.54 ± 8.6 0.018
Tb - 0.013 0.27 ± 25 0.03
Ho - 0.006 1.1 ±4 0.03
Yb - 0.14 1.1 ± 5.6 0.02
Hf 0.7 0.039 3.97 ± 4 0.05
Au - 0.0008 2.2 ± 13.2 0.0028
Hg - 0.001 0.023 ±13.6 0.002
Ta - 0.023 1.5 ± 9.3 0.03
Th - 0.09 3.1 ± 2.6 0.07
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Table (5.6) Elemental concentrations in (ppm) of landfill and coal samples using
reactor neutron activation analysis
Element Landfill B 
(ppm) ± la %
Det. limit 
(ppm)
Coal 
(ppm) ± l a  %
Det. limit 
(ppm)
Na 2446 ± 0.95 6.3 469.4 ± 1.5 1.2
Mg 12323 ± 45 3740 3816 ± 52 1600
K 6634 ± 7.9 160 - 1.4
Ca 62430 ± 4 3400 4838 ± 18 1158
Sc 3.96 ± 0.7 0.004 2 ± 0.84 0.0025
Ti 2326 ± 20 374 348 ± 40 188
V 36+ 17 4.2 22 ± 10 1.8
Cr 146 ± 1.4 0.51 5.2 ± 7.8 0.18
Mn 458.1 ± 3.9 62 110.8 ± 6.1 22
Fe 18409 ± 1.4 45.4 4500 ± 2 18
Co 12.8 + 2.3 0.059 4.6 + 2.6 0.024
Zn 1106 ±3.5 2.2 41+6 0.74
As 10.6 + 3.2 0.13 5.2 ± 4.3 0.09
Se 1.0 ± 19.6 0.06 0.35 ± 20 0.025
Br 32 ± 2.3 0.12 112 ± 2.2 0.16
Rb 35.6 ± 16 1.9 - 1.8
Ba 1527 + 12.4 18 - 8
Cs 3.8 ±7.1 0.16 - 0.17
La 32.3 + 1.6 0.09 2.3 + 1.7 0.027
Sm 1.9 + 6.9 0.24 0.6 + 16.6 0.07
Eu 0.5 ± 7.9 0.015 0.23 ± 8.9 0.0073
Tb 0.24 ± 24 0.025 0.14 ± 23 0.012
Ho 1.0 ± 2.8 0.027 0.1 + 13.7 0.015
Yb 1.1 ±4.9 0.02 0.3 ± 11 0.013
Hf 4 ± 3.6 0.048 0.3 ± 14 0.02
Au 1.94 ± 17.5 0.0025 - 0.0027
Hg 0.02 + 12 0.0014 - 0.002
Ta 1.2 ± 9.5 0.025 - 0.015
Th 2.9 ± 2.5 0.15 0.5 + 9.4 0.022
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Table (5.7) Elemental concentrations in (ppm) of ash samples using reactor neutron
activation analysis.
Element Fly ash-A 
(ppm) ± lo %
Det. limit 
(ppm)
Fly ash-B 
(ppm) ± l o  %
Det. limit 
(ppm)
Na 3320 ± 1.0 6 9687 ± 0.7 7.4
Mg 9386 ± 53 3860 18493 + 45 6190
IC 3557 ± 16.4 209 3704 ± 19 332
Ca 7371 ± 32 3850 154394 + 2.9 9690
Sc 20.1 ± 0.5 0.014 2.6 ± 0.6 0.005
Ti 895 ± 50 516 7888 + 20 665
V 87.4 ± 10 4.9 15 + 39 6.5
Cr 674 ± 1.8 0.7 767 + 1.7 0.58
Mn 2254 ± 2.7 67 526 ± 3.4 156
Fe 90721 ± 0.96 133 18156+1.2 42 -
Co 44 ± 1.8 0.09 15.9 + 1.9 0.045
Zn 310 ± 4.3 2.8 2653 ± 3.4 2.3
As 19 + 3 0.15 - 0.22
Se 1.6 + 19.6 0.1 1.7 ± 17 0.06
Br 112 + 2.2 0.15 28 ± 2.3 0.1
Rb - 5.2 63 ± 14.9 3.0
Ba 569 ± 20 75 2004 ± 24 23
Cs 2.2 ± 18 0.27 7.8 + 5.7 0.14
La 22.5 ± 0.9 0.1 8 ± 1.3 0.03
Sm 7.5 ± 11.8 0.28 0.94 ± 18 0.12
Eu 2.2 + 4.9 0.03 0.4 + 8.7 0.016
Tb 1.3 + 13.5 0.05 0.2 + 18.5 0.02
Ho 0.84 ± 5 0.02 - 0.017
Yb 3.17 ± 3.1 0.03 1.2 ± 26 0.15
Hf 4.2 ± 5.1 0.09 2.9 ± 4.4 0.05
Au 0.03 ± 26 0.003 - 0.005
Hg - 0.005 - -
Ta - 0.073 1.26 + 13 0.03
Th 6.75 ± 1.7 0.04 3.0 + 3.1 0.04
Ely ash-B : is taken Irom hospital incinerator.
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5 .2  - A N A L Y S IS  USING PRO TO N INDUCED X -R A Y  EM ISSION (PIXE)
5.2.1 - Introduction
PIXE is considered as one of the non-destructive reliable trace elements 
techniques used in the analysis of different matrices. Good sensitivities and detection 
limits across a wide range of atomic numbers can be achieved using this technique. 
Its typical time of analysis (a few minutes) is considered as one of the technique’s 
advantages. PIXE applications increased with the greater availability of charged 
particle accelerators and cyclotrons.
In this technique, a beam of protons is used to eject the inner-shell electrons 
from atoms in the sample. Ejecting electrons leave vacancies to be filled by the outer 
electrons in a rearrangement process. During this process X-rays are emitted with an 
energy equal to the difference in the energy levels of the atom shells. The transition 
filling vacancies in the innermost shell are called K X-rays and those filling the next 
shell are L X-rays, whose energies are much lower. These X-rays are characteristic 
of the target atom, and by detecting and identifying these so that their intensities can 
be converted to elemental concentrations in the sample.
5.2 .2  - irradiation facility
Proton induced X-ray emission (PIXE) analysis was performed using the 2 
MeV Van de Graaff accelerator of the University of Surrey. The principle components 
in the facility are shown in Figure (5.5) and a brief description is given here. The 
extracted charged particles can be accelerated to a particular selected accelerating 
voltage in the range of 0.8 to 2 MV. The beam can then be directed to one of the 
available five lines using a switching magnet. The line used for PIXE analysis in this 
work is detailed in Figure (5 ,‘5) and downstream from the exit of the switching 
magnet, it incorporates the control slits and the steering plates which are used for 
beam coarse alignment by directing the beam onto the centre of the sample placed in 
the target chamber. The beam diameter can be selected and adjusted using the
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following two apertures; apertures of 25(im, 50|nm and 250pm, plus a machined 
aperture of 1 mm diameter are available. The quartz view port follows the aperture 
used to set this diameter. Downstream to the secondary aperture are the two deflection 
plates (in X and Y direction) for scanning purposes. At the end of the beam line, there 
is the quadrupole magnetic lense assembly which consists of four magnetic lenses 
used to focus the beam at the target face as required. Next to the lenses assembly, 
there is a mechanical gate valve used to isolate the target chamber from the beam line 
when the sample plates are loaded and unloaded.
5.2.3  - S am ple  preparation
The samples for PIXE analysis were prepared in the same way as described 
in section (5.1.2). Then the samples (pellets) were stuck on a 3 mm thick aluminium 
plate using double adhesive tape. Analysis of this adhesive tape by Arshed [ARS91] 
showed that only chlorine is present in it. This element was shown not to leach into 
the samples.
In PIXE analysis, the samples are required to be electrically conducting for two 
reasons. The first reason is the dependency of the final results on the accurate charge 
measurement which (in the present system) is calculated as the integration of the 
incident beam current on the target. This integration will not be possible if the sample 
on which the beam is falling does not conduct electrically. The other reason is that the 
insulating samples charge up and the discharge to the nearest conductor results in high 
bremsstrahlung yields characterized as a large background in the Si(Li) X-ray 
spectrum. This problem was solved by coating the target plates with a layer of carbon 
[CAB 85],
5.2.4  - Data acqu isition  an d  sp ec tru m  an a lysis
The X-rays emitted from the sample were collected using a lithium-drifted 
silicon Si(Li) detector. These detectors combine the advantages of high efficiency in 
the X-ray region of interest (typically 1-20 keV) with a good energy resolution. The
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resolution of the detector used is 140 eV at 5.9 keV X-rays. The detector has a small 
sensitive volume of (~ 28 mm2 area and 2.75 mm depth), therefore it is important to 
keep the detector close to the sample to enhance the counting rate. A 350 |Lim mylar 
filter was placed in front of the detector window in all irradiations performed here in 
order to reduce count rate from low energy X-rays. The signal after being processed 
was directed to the Sun computer through an Ortec EG&G ADCAM multichannel 
buffer model 917. The X-ray spectra were also displayed on a 512 multichannel 
analyzer (MCA). Spectra then become available on the Sun computer for further 
analysis.
There are some computer programmes which can ease the evaluation of the 
measured PIXE spectra in a short time for multielement analysis. PIXAN is one of the 
programmes developed at the Australian Atomic Energy Commission [CLA83b], 
[CLY86] used for the analysis of proton induced X-ray emission spectra. To find the 
concentration of a certain element in a sample, firstly, the PIXE spectrum has to be 
measured experimentally. Secondly, the spectrum must be analysed to determine the 
areas of the characteristics peaks in the spectrum; this can be performed using a 
programme called BATTY which is based on a model that describes the X-ray 
spectrum as modified Gaussian peaks on a background. A non linear least squares 
fitting method is used to determine the parameters of the model and hence the peak 
areas. The background can be estimated using two approaches; polynomial or iterative 
background modelling. Figure (5.4) shows examples of the X-ray spectra from coal 
and landfill samples fitted by the BATTY programme. Finally, and before the 
estimation of the element concentration, the expected X-ray yield for that element is 
determined using another programme called THICK programme. This programme has 
the capability of measuring the X-ray yield (counts/ppm/charge) for thin and thick 
targets. For thick targets, the yield calculation should model the proton slowing down 
and the X-ray attenuation in the target. All of the analysis in this work was carried out 
with thick target matrices.
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5.2 .5  - A n a ly s is  o f  th ick  ta rg ets
For thick targets analysis, it was assumed that all the incident protons are
target yield for an element of concentration C (pg/g) can be calculated using the 
following equation :
is the attenuation through the sample;
Y = the X-ray yield of the element of interest detected by the detector; 
£2 = the detector solid angle;
Na = Avogadros number;
Q = the accumulated charge (microcoulombs);
8 = the detector intrinsic efficiency at the X-ray energy of interest.;
A = the element atomic weight;
e = the electron charge;
op = the X-ray production cross section;
p. = X-ray mass attenuation coefficient of the target matrix;
0i = the angle between the beam and the sample normal;
0O = the angle between the sample normal and the detector.
Ep = the energy of the incident protons;
op = the X-ray production cross section which is given as :
Where : k = the X-ray intensity of the line concerned ; co = the fluorescence yield; 
O; = the X-ray ionization cross section by protons;
stopped inside the target material. If the secondary effects can be ignored, the thick
C Na D Q e o
A 4 tt e I a p (E> J § j  T(E)
(5.1)
Where :
(5.2)
op = k co Oj
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The use of the thick target yield Eq.(5.1) is fully discussed in reference [CLA81].
S(E) = the stopping power of the matrix.
5.2 .6  - M eth ods o f e lem en ta l con cen tra tion s
There are two methods of PIXE analysis namely, the absolute and the 
comparator methods. In this study the comparator method was used. This method can 
performed in two ways; either by using internal standards or by external standards.
5.2.6.1 - Internal s ta n d a rd s
In this method, the sample is spiked with a known amount of non-interfering 
element (commonly yttrium or ruthenium), and the elemental concentrations is 
determined relative to the concentration of the standard. Clayton and Wooler [CLA85] 
has used this method for the analysis of reference materials. For an internal standard, 
the concentration of the unknown element (Cc) in a sample is given by :
C = -Sgt Ye M.aJ  (5.3)
Yat Me
Where :
Cst = the concentration of the chosen internal standard element;
Me, Mst = the calculated yields from Eq. (5.1) for the unknown and the standard 
elements, and
Ye, Yst = the corresponding measured X-ray yields. \  - Ce (% 'V% -  C.s+ Mst
This method has the advantage of removing the uncertainties in the current 
integration and geometric factors such as the solid angle.
5.2.6.2 - External s ta n d a rd s
This method was employed by different workers such as [KHA81],[KHA83], 
[BIS84]. It has the advantages of removing the uncertainties in the detector efficiency 
and minimizes the uncertainty in the cross section and attenuation coefficients. 
Concentrations of the elements in the unknown samples are determined by using
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multi-element standards of known concentrations such as the standard reference 
materials. In the present work, IAEA Soil-7 and the SL-1 reference materials were 
used in the analysis. The concentration of an element in a sample is given by :
c  = c s t i s t  (zP) 
Ys t I e (Ep )
(5.4)
Where : the C’s and Y’s were defined previously; 
Ist(Ep ), Ie (Ep) designate the following integral
o
I ( E p ) = f a  p (E) (5.5)
for the sample and the standard respectively.
5.2 .7  - R esu lts  an d  d iscu ss io n
The PIXE technique was used to analyse different matrices of landfill, coal, 
sawdust and fly ash samples. The samples were prepared in the manner discussed in 
section (5.2.3) and irradiated using the 2MeV Van de Graaff accelerator. The spectra 
after being accumulated were transferred to the mainframe computer to calculate the 
peak areas using the software BATTY. One way of controlling the quality of the 
results is to use standard reference materials and compare the measured concentrations 
with the literature values. Table (5.8) compared the measured elemental concentrations 
in Soil-7 with the literature values [MUR85], and their Figure (5.7) revealed the good 
agreement between them with a slope of 1.095. The minimum detection limit is based 
on S >3.29^B [CUR68] used in the BATTY programme.
Since, the same samples were analysed with both techniques, INAA and PIXE, 
it was thought better to give a comparison between the measured concentrations in 
both techniques in one sample as an example rather than to present all the results of 
the samples. Table (5.9) present the elemental concentrations in a landfill sample 
determined by both the INAA and PIXE techniques.
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Table (5.8) A comparison between the measured and the literature elemental
concentrations in soil-7 standard reference material using PIXE analysis, 
(the detection limit is in terms of 3.29VB).
Element measured 
valuesCppmtt 1g%
Detection
limitfopm')
literature
valuesfppm)
Cl 48 ± 4 2 15.3 ___
K 23098 ± 4 815 12100
Ca 147603 ± 2.9 183 163000
Ti 3489 ± 7.5 49 3000
V 83.68 ± 24 40 66 +  11
Cr 52.6 ± 17 13.4 60 + 21
Mn 496.5 ± 5.3 14 631 ± 3.6
Fe 30569 ± 2.6 36 25700
Co 8.68 ± 44 6.9 8.9 ± 9.6
Zn 105 ± 14.6 16.8 104 ± 5.8
As 27.5 ± 50 14.6 13.4 ± 6.3
Sr 57.1 ± 73 28.5 108 + 5.1
Cd 1.01 ± 27.7 0.24 1.3
Measured cone.
Fig.(5.7) A comparison between the literature and measured concentrations 
in Soil-7 using PIXE analysis.
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Table (5,9) A comparison in elemental concentrations between INAA and PIXE for 
the analysis of landfill sample, with the associated detection limit (DL).
Element INAA DL(ppm) PIXE DL(ppm)
K 6634 ± 7.9 160 5839 ± 4.7 136
Ca 62430 ± 4 3400 25755 ± 5.2 47
Ti 2326 ± 20 374 2382 ± 7.5 19
V 36 ± 17 4.2 38.3 ± 33 20
Cr 146 ± 1.4 0.51 137.5 ± 25 11
Mn 319 ± 19 62 254 ± 6.2 13
Fe 18409 ±1.4 45.4 17695 ± 2.6 20
Ni 27 ± 3 7 10
Cu 255.8 ± 25 4.5
Zn 1106 ±3.5 2.2 795 ± 9.2 9
As 10.6 ± 3.2 0.13 14.9 ± 60 5.4
Sr 1194 ± 5 3 15
* The detection lim it based on 2#B  in both IN A A  and PIXE when compared to each other.
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5.3  - C on clu sion s
In this chapter, two techniques were explored for the multi-elemental analysis 
of samples representing different matrices. These are INAA based on the nuclear 
reactor at the Imperial College Reactor Centre and PIXE analysis based on a 2MeV 
Van de Graaff accelerator at the University of Surrey. In both techniques, reference 
materials were used to control the quality of the results. Using both techniques, it was 
possible to determine 34 elements, some of which were determined only by INAA like 
Th, Ta, Sm, La, Eu, Hf, Yb, Ho, Hg others were determined only by PIXE analysis 
such as Cu, Ni, Cl, Sr and Cd while elements such as K, Ca, Ti, V, Cr, Mn, Fe, Co, 
Zn and As were possible to be determined by both techniques. A comparison of PIXE 
with INAA was made, since these two methods have several features in common, and 
measured detection limits for a landfill sample analysed by both techniques were given 
in Table (5.9). Both methods have advantages which make them suitable methods for 
the analysis of different matrices. PIXE analysis, however, has the advantage of 
analysing some elements such as P, S, Si and Cd which are difficult or not possible 
using conventional INAA. Both techniques have limitations to measure the major 
elements such as (H, C, N, O) whose concentrations are important for the material 
properties for example. These elements can be determined with RBS (Rutherford Back 
Scatter) or prompt neutron activation analysis.
INAA displayed better detection limits for the elements, V, Cr, Zn and As while 
elements such as K, Ca, Ti, Mn and Fe showed better detection limits using PIXE 
technique.
Correlations between the measured elemental concentrations and similarity 
coefficients between the samples studied represented by their elemental compositions 
were performed using a ’cluster’ program. Dendrograms were obtained by this 
program are shown in Figure (5.8a,b) with the correlation matrices shown in Tables 
(5.10a,b). Those elements which are strongly correlated (at the 1% level), their 
coefficients in the tables are presented in bold form, in order to emphasise their 
importance. With respect to the similarity of the samples shown in figure (5.8b), 
landfill waste, fly-ash and coal samples form a distinct cluster as expected. The other
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Mg .867 
K  .319 0.735
Ca .910 0.899 .471 
Sc .089 0.112 .169 -.250
T i .964 0.853 .316 .976 -.166
V .033 0.183 .346-.233 .963-.198
C r .843 .664 .192 .559 .580 .677 .470
Mn .193 .182 .180-.156  .989 -.063 .927 .669 
F e .181 .200 .220 -.157 .994-.073 .951 .650 .997 
Co .325 .347 .295 -.002 .969 .079 .934 .742 .982 .987
Zn .928 .924 .505 .997 -.178 .976 -.163 .608 -.082 -.082 .072
As -.473 -.279 .225 -.630 .731 -.647 .746 -.027 .690 .698 .594 -.573
Se .822 .846 .540 .632 .590 .676 .586 .916 .654 .661 .772 .687 .053
D r -.158 -.189 -.249 -.414 .622 -.320 .651 .183 .532 .561 .536-.388 .280 .182  
Rb .862 .927 .595 .988-.243 .933-.195  .5 0 2 -.1 5 6 -.1 5 0  .002 .988 -.5 5 2  .630-.453 
Da .763 .965 .816 .894-.066  .802 .034 .474 .002 .022 .161 .910 -.293  .698-.390  .948
Cs .933 .972 .602 .969-.023 .945 .002 .679 .069 .073 .224 .985-.431 .788 -.318 .973 .943
La .061 .525 .945 .172 .344 .019 .539 .071 .319 .367 .400 .214 .4 8 2 .4 3 6 -.0 3 6  .310 .593 .341
Sm .073 .136 .242 -.244 .996 -.178 .972 .554 .985 .992 .966 -.170 .771 .591 .575 -.224 -.025 -.010 .419 
Eu .135 .171 .217 -.198 .998 -.119 .966 .610 .992 .998 .980 -.124  .715 .633  .601 -.187-.007 .033 .380  .996
Tb .108 .122 .161 -.236 .999 -.149 .957 .597 .991 .995 .972-.164  .718 .601 .622-.232-.061 -.011 .332 .994 .998
H o -.117 .345 .846-.049 .459 -.189 .646-.003 .413 .461 .461 -.002 .649 .344  .097 .089 .400 .139 .973 .531 .483 .443 
Yb .326 .375 .357 .017 .961 .084 .935 .732 .977 .983 .997 .092 .619 .780 .481 .031 .204 .249 .457 .965 .975 .963 .513
H f .422 .725 .885 .382 .572 .309 .671 .522 .600 .625 .689 .442 .446 .780 -.014 .474 .706 .584.877 .627 .614 .567 .825  .737
Au -.108 .384 .867 .189 -.147 -.021 .084 -.3 2 2 -.1 8 2 -.1 3 2 -.1 0 3  .194 .204 .060-.328 .336 .558 .250 .870-.064 -.114-.162  .809 -.039 .582 
Th .395 .503 .503 .133 .909 .172 .914 .737 .929 .941 .974 .208 .577 .838 .402 .164 .354 .367 .575 .924 .932 .911 .602 .986 .835 .101
Na Mg K Ca Sc Ti V  C r M n F e Co Zn As Se Dr Rb Da Cs La Sm Eu Tb H o Yb H f Au
Table(5.10a) Correlation factors resulting from Clink clustering of combined matrices.
Significance level 0.1 0.05 0.02 0.01 0.001
r for (u = 4) 0.7293 0.8114 0.8822 0.9172 .9741
0   -  - .......
1-Sawdust 2-Landfill-A 3-Landfiil-B 
4-Coal 5-Fly-ash-A 6-Fly-ash-B
0----------------------------------------------------------
Sample No. COEFFICIENTS MATRIX
2 -0.112
3 -0.082 -0.155
4 -0.068 -0.105 0.661
5 -0.054 -0.109 0.731 0.152
6 -0.030 -0.033 0.079 -0.045 -0.063
1 2 3 4 5
Table(5.10b) Similarity matrix coefficients resulting from Clink clustering analysis.
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0Sample types
1 Sawdust 2 Landfill-A  3 Landfil l-B 4 Coal 
6 Fly-ash-B
5 Fly-ash-A
0 —
1 Na 2 Mg 3 K 4 Ca 5 Sc6 Ti 7 V 8 Cr 9 Mn 10 Fe
11 Co 12 Zn 13 As 14 Se 15 Br
16 Rb 17 Ba 18 Cs 19 La 20 Sm
21 Eu 22 Tb 23 Ho 24 Yb 25 Hf
f\
2 6 Au 27 Th
u —
u -
ITEMS GROUPED 1 17 8 19 22 10 276 4 14 23 21 7 13
CYCLE I J COEFF 2 12 3 26 20 11 15
18 16 25 5 9 24* *
1 5 22 0.999 * 1 1 1 1 1 l l l l i 1 1 1 1 1 M i l 1 1 1 1 1 1 1 1 *2 5 21 0.998 * 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 *
3 9 10 0.997 * 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 *
4 4 12 0.997 * 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 *
5 11 24 0.997 * 1 1 1 1 1 I I I I I  1 1 1 1 1 1 1 1 1 1 I I  *6 5 20 0.994 * 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I I *
7 4 16 0.988 * 1 i 1 I I I l l l i l 1 1 1 1 I I I *8 5 9 0.985 * 1 ] i 1 1 1 1 1 1 1 1 1 1 1 1 I I I *
9 11 27 0.974 * 1 1 ' 1 i 1 1 1 1 1 1 1 1 1 I I I *10 19 23 0.973 * | | : j | 1 1 1 1 1 1 1 1 1 I I I *11 2 18 0 . 972 * | 1 1 1 1 1 1 1 1 1 i 1 I I I *12 1 6 0 . 964 * I I T i 1 1 1 1 1 1 1 1 I I I *
13 2 17 0.943 * I i i 1 1 1 1 1 1 1 1 1 1 1 *
14 5 7 0.927 * i i 1 1 1 1 1 1 1 1 I I I *
15 8 14 0.916 * I I 1 1 1 1 1 1 1 1 I I I *
16 5 11 0.909 * I I 1 1 1 1 1 1 1 I I I *
17 2 4 0.894 * l l 1 1 1 1 1 1 1 I I *
18 3 25 0.885 * I 1 1 1 1 1 1 1 I I *
19 3 19 0.825 * i 1 1 1 1 1 1 I I *20 1 2 0.763 * i 1 1 1 1 ! I I *21 3 26 0.582 * I 1 1 1 1 I I *22 5 13 0 .577 * I 1 1 1 I I *
23 1 8 0.474 * i 1 1 1 1 *
24 5 15 0 .280 * 1 1 1 1 *
25 1 3 -0 .322 * 1 1 ! *
26 1 5 -0.647 * 1 t ** *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Fig. (5.8a)  Dendrogram resu ltin g  from Clink c lu ster in g  analysis of the 
combined concentration data.
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1-Sawdust
2-LandfilI-A
CYCLES
3-Landfill-B
4-Coal
5-Fly-ash-A
6-Fly-ash-B
COEFF
0.731
0.224
-0.030
-0.065
-0.208
Fig.{5.8b) Dendrogram resulting from Clink clustering analysis representing similarity 
of the samples with respect to their elemental compositions.
landfill sample was expected to join the previous cluster but it was clustered 
separately and combined with different cluster which correlates the sawdust and 
fly-ash from the hospital.
Again no final conclusion was extracted due to the small umber of samples 
analysed.
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C H A P T E R  6
E F F E C T S  O F  H Y D R A T IO N  O N  E L E M E N T A L  SE N SIT IV IT IE S  IN  
N A A  U S IN G  P R O M P T  A N D  D E L A Y E D  G A M M A -R A Y S
6.1 - INTRODUCTION
In neutron absorption experiments, like neutron activation analysis, it is the 
thermal (n,y) reaction which favours the analyst, since the neutron absorption cross 
sections are larger for most nuclides in this energy region. Neutrons undergo two 
kinds of reactions, absorption and scattering, and it is the sample constituents which 
define the reaction probabilities. The presence of any sample has three effects in 
NAA: modification of the neutron flux within the sample due to the scattering and 
absorption in the sample, and the attenuation of the emitted gamma-rays.
Gamma-ray attenuation is a function of the gamma-ray energy, sample density 
and thickness and the atomic numbers of the sample constituents. This effect may be 
significant when the sample contains large concentrations of heavy elements, and this 
can be avoided by using thin samples or diluted samples. While in the case where the 
sample contains large concentrations of absorbing nuclides, self absorption is 
observed. This effect can be corrected for by a simple absoiption law [FLE82].
The ideal situation in NAA occurs when the target material experiences the 
same neutron flux with the same energy distribution throughout the target volume. 
This should result in a linear response curve between the reaction rate and the mass 
of the analyte. However, it is practically not possible to meet this situation with 
relatively large targets, and neutron flux would strongly depend on the scatterers and 
absorbers in the sample as well as the sample shape [MAC91], [TRU91]. In the case,
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where the scattering cross section is negligible, it is relatively easy to correct for the 
self absorption using the correction factor formula C = (R / R), which accounts for 
the reduced average neutron flux within the sample. R is defined as (OVSr), where 
O is the mean incident flux, V is the sample volume, and Er is the macroscopic cross 
section for the reaction. The case would be more complicated if the scattering cross 
section is significant, which is the case usually encountered in practice. The neutron 
flux is particularly sensitive to the amount of hydrogen (e.g. as water) due to its 
ability to slow down the neutrons. The size and the shape of the sample are also 
factors affecting the reaction rate. The probability that the scattered neutrons escape 
from the sample results in a decrease of the reaction rate; on the other hand if the 
probability of the neutron escape is sufficiently small, this results in an increase in the 
reaction rate [COP89], [COP91], [BEC64].
The effect of hydrogen as a scatterer on elemental sensitivities has been studied 
by different researchers. These previous studies have shown that sensitivities for 
determining concentrations of elements by neutron capture prompt gamma-ray 
activation analysis are enhanced when hydrogen is present in the sample matrix. 
Sensitivity enhancement was determined over broad ranges of H concentrations for 
several sample shapes and sizes in order to obtain a measure and an understanding of 
the effects involved,
Reynolds and Mullins [REY63] have observed an enhancement of thermal activation 
by moderation of epithermal neutrons when they irradiated wires of various materials 
with and without water in two commonly used types of containers; a 1.5 ml vial and 
a 30 ml bottle. An increase in the specific activity was observed, and concluded that 
the net enhancement for elements in solution was 5 % and 12 % for 1.5 ml and 30 ml 
respectively relative to the ones without water. The enhancement was thought to be 
due to the neutron scattering by hydrogen. At the National Institute of Standards and 
Technology (NIST), it has been found that element sensitivities (count rate per unit 
mass) for hydrogenous materials were enhanced relative to values for nonhydrogenous
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materials. Mackey et al [MAC91] have investigated the effect of H content of the 
sample, sample size and shape on the elemental sensitivities, and have shown that 
sensitivities increased linearly with the density of hydrogen for H, B, Na, Cl, K, Mn, 
Br, Ag, Cd, I, Sm, and Gd measured for liquids in teflon bags. Samarium was 
enhanced by 0.54 ± 0.07 %/% H density and manganese enhanced by 2.44 ± 0.26 
%/% H. For the H itself the enhancement varied with sample matrix. All other 
investigated elements were enhanced by about 1.69 ± 0.18 %/% H.
The enhancement was attributed to elastic scattering, and not inelastic scattering since, 
the neutron beam at that facility is well thermalized, and quantitatively the moderation 
components of epithermal and fast neutrons cannot be responsible for the significant 
enhancement observed. The elemental sensitivity was also studied as a function of 
sample thickness, and results using disk samples showed that sensitivity increased with 
decreasing thickness in the range 2 to 10 mm. This trend reversed at thicknesses 
below 2 mm. Sensitivity measurements were also performed on paraffin spheres of 
different sizes, and results revealed that the sensitivity remained almost constant and 
least affected by neutron scattering. The above results are consistent with the Monte 
Carlo calculations by Copley and Stone [COP89] who have shown that the neutron 
mean free path length in the target material depends on its size and shape. A scattered 
neutron followed by absorption within the sample will result in an increase in the 
reaction rate, while if it leaked out of the sample, the absorption probability would 
decrease. The competition between these two mentioned processes determines the 
absorption reaction rate or sensitivity. Sensitivities increase with increasing sample 
thickness for very thin samples but thereafter decrease. It has also been shown 
[MAC92] that spherical targets were least affected by neutron elastic scattering by H, 
and it was suggested that the use of spherical targets should be encouraged in neutron 
beam PGAA experiments especially when working with strong scatterers such as 
hydrogenous materials.
Using the PGAA facility at the Centre of Nuclear Research in Strasbourg, 
France, Trubert et al [TRU91] have studied the effect of hydrogen content of various
186
samples with fixed shape and size on the reaction rates for various nuclei (B, Hg, Gd, 
Eu, Sm and Cd). Similar results to Mackey et al [MAC91] were reported but the 
authors attributed the enhancements to inelastic scattering by H. All the studies 
mentioned were dealing with samples of small sizes.
It occurs to us that the samples supplied to the laboratory for environmental 
monitoring may contain different amounts of hydrogen, and if analysed as such, might 
produce erroneous values of elemental concentrations when comparing results from 
similar types of samples due to the scattering by hydrogen atoms within these samples. 
Bulk sample analysis using neutron activation techniques have been performed 
previously in different fields including oil logging [HER88], water pollutant analysis 
[CHU88], [CHA90], in-vivo analysis [MAT82] and on-line analysis of coal [WOR83], 
and the issue of neutron thermalization due to the presence of large volumes of 
hydrogen and carbon within the samples was investigated. Using Monte-Carlo Codes, 
the effect of hydrogen on the elemental concentrations was investigated and the 
neutron flux distributions in bulk coal samples were drawn [OLI93b], [OLI92], 
[SAL92], [OLI91].
It is the purpose of this study to examine whether the presence of water in bulk 
samples such as landfill waste produces significant variations in the elemental levels 
and if so, requires samples to be dried which can be a time consuming and expensive 
process. The effect of hydration of samples on the sensitivity of different elements has 
therefore been investigated.
6 .2  - ANALYTICAL PROCEDURE
Three to four killogrammes were a typical weight for the different sample 
matrices used including landfill waste and coal samples which were dried in the oven 
at a temperature of 60°C for a week, to ensure that all water had evaporated. The 
samples were mixed thoroughly for better homogeneity, and were put in polyethylene 
containers of 156 mm diameter and 275 mm length. The irradiation facility which is 
described in chapter 2 was used for irradiation together with the geometrical
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configuration shown in Figure (2.8). Gamma-rays were measured using a Ge(Li) 
detector of (10.8% efficiency relative to 76.2 mm x 76.2 mm Nal(Tl) detector). 
Irradiation and counting were performed for 17 to 24 h ( long irradiation is required 
since the neutron flux is very low) in order to obtain good counting statistics. Known 
amounts of double distilled water were added to each sample, and each time the 
sample was subjected to the above mentioned irradiation and counting scheme. A 
background spectrum was measured with an empty container irradiated at the same 
sample position and for the same irradiation/counting time adopted for the samples, 
and used to correct the full-energy peak areas resulting from the samples. However, 
one can argue that the background with and without the sample is different, due to the 
increase in the number of neutrons scattered by the samples, which in turn interact 
with the detector and shielding materials and therefore contribute more counts in the 
sample background.
In this experiment the shape and the volume of the samples were held constant, 
while the hydrogen concentration was varied.
Gamma-ray spectra were collected over the energy range from about 100 keV 
to 11 MeV. Many elements produce several gamma-ray lines at different energies 
which produce the complexity of the prompt gamma-ray spectrum obtained. Moreover, 
there is the pair production phenomenon for the gamma-ray energies exceeding 1.022 
MeV, and the associated single and double escape peaks. As a result of these 
complications, there were some interferences to gamma-ray lines of interest. Ge, Pb, 
H and Fe gamma-ray lines also appear as background lines due to the interaction of 
neutrons with the detector and shielding materials. Data reduction and calculation of 
peak areas were performed using the software associated with the multichannel 
analyzer card.
6.3  - RESULTS AND DISCUSSION
Bulk samples of landfill waste and coal were used to study the effects of 
hydration (by adding amounts of water to the samples) on the elemental sensitivities.
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The Relative Sensitivity Enhancement (RSE) is defined as :
’
(N H i) - 1
w
Where :
NHj = the full-energy photopeak area of radionuclide i, in the hydrated sample;
NDj = the full-energy photopeak area of radionuclide i, in the dried sample.
RSE = the relative sensitivity enhancement.
Sensitivities of B, C, Na, Al, S, Cl, Ti, V, Fe and In have been measured in 
a range of hydration levels from (0 to 20%) of the sample weight (ws). Double 
distilled water was used to hydrate the samples. Referring to the Figures from (6.1) 
to (6.6), which show the relative sensitivity enhancement vs. H20% (w/ws), all the 
elements studied exhibited an increase in the sensitivity in the first few percent of 
added water. This is interpreted as the ability of the added hydrogen as a large 
scatterer to thermalize the remaining epithermal neutrons, since the major part of this 
component was already thermalized by the constituents of the dried sample. So the 
increase in sensitivity continues until the majority of the epithermal neutrons have 
been thermalized. The sensitivity then tends to remain steady, even with extra 
additions of water, and may even fall as more neutrons are captured in water. The 
relationship between the hydrogen volume (g/cm3) defined as [the fraction of hydrogen 
by weight multiplied by the sample bulk density] vs. the measured count rate is given 
in Figure (6.7a and b) and the variations in the count rates..., ' may be attributed to 
the difficulties to maintain the water uniformly distributed in the samples..
Comparing the increase in the elemental sensitivities between the landfill and 
coal samples, it was found that the sensitivity enhancement was more pronounced in 
the landfill sample than in coal, and a calculation of the macroscopic absorption and 
scattering cross sections using the major constituents of both samples, Table (6.1), 
showed that coal has larger neutron scattering cross-section in the dry sample than dry 
landfill which means that coal has the ability to thermalize neutrons faster. It was also 
found from Table (6.1) that:
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Fig.(6.3) Measured relative sensitivity enhancement for Cl, Na and Ti 
in bulk coal sample.
ffiO (w/ws)%
Fig.(6.4) Measured relative sensitivity enhancement for Al, C and Cl in 
bulk landfill waste sample.
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Fig.(6.5) Measured relative sensitivity enhancement for B, In, Na and S 
in bulk landfill waste sample.
H20  (w/ws)%
Fig.{6.6) Measured relative sensitivity enhancement for Ti, V and Fe in 
bulk landfill waste sample.
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Table (6.1) Calculated absorption and scattering neutron cross-sections in both 
landfill and coal samples using the Mixture Rule :
State of the sample Coal Landfill
Ea (cm'1 ) Es (cm'1) (cm'1) Zs (cm'1)
dry sample 0.00914 0.781 0.0064 0.586
2 %(w/ws) of added H20 0.00941 0.813 0.0067 0.618
4 % 0.00968 0.846 0.0069 0.650
6 % 0.00995 0.879 0.0072 0.683
8 % 0.0102 0.912 0.0075 0.715
10 % 0.0105 0.944 0.0078 0.747
12 % 0.0108 0.977 0.0080 0.779
15 % 0.0112 1.030 0.0084 0.828
20 % 0.0118 1.108 0.0091 0.908
The compositions of the samples upon which the calculations were made are 
shown in Table (6.2)
Table(6.2) Major elemental compositions of the studied samples in (%) :
Element Coal Landfill
H 4.7 3.8
C 79.2 29
N 1.8 3.1
O 7.6 18.5
s 0.9 1.1
Cl 0.7 0.1
The coal and landfill densities are 0.672 and 0.658 g/cm3, respectively.
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Fig.(6.7a) Variation in count rate of the 2.22 MeV of hydrogen peak with 
increasing hydrogen volume.
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Volume of hydrogen (g/cm )
Fig.(6.7b) Variation in count rate of the 2.22 MeV of hydrogen peak with 
increasing hydrogen volume.
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V olum e o f  hydrogen (g/cm 3)
Fig.(6.8a) Variation of count rate in the 596 keV photopeak resulting from 
thermal and epithermal neutron interactions with germanium 
with the increase of hydrogen volume in a landfill waste.
Volume of hydrogen (g/cm )
Fig.(6.8b) Variation of count rate in the 693 keV photopeak resulting from 
fast neutron interactions with germanium with the increase 
of hydrogen volume in a landfill waste sample.
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(^ s,a)hyd _ j > s,a)hyd j
(^s,a)dry landfill s,a)dry coal
reveals that there is more scattering and absorption in the landfill sample. This can be 
seen as the sensitivity reaches a maximum value in these samples with less percentage 
of water added.
The trend of the neutron flux changes was also monitored during every stage 
of water addition using the two reactions of germanium nuclides of the detector; 
73Ge(n,y) and 72Ge(n,n'y) with the respective full-energy gamma-ray photopeaks of 
596 keV and 693 keV. An example is given in Figure (6.8) with a landfill waste 
sample which shows that the count rate due to the thermal and epithermal neutron 
interactions increases with the addition of water up to a certain point after which it 
becomes more or less constant indicating that the majority of fast neutrons have been 
thermalized, while the count rate due to the fast neutrons is decreasing up to a certain 
point it becomes more or less constant which is considered as mostly the fraction of 
the fast neutrons which have travelled towards the detector from the neutron source 
directly and do not thermalized through their path. These trends were thought to agree 
with the elemental sensitivity curves.
It can be concluded that when an increasing amount of water is added to a 
sample matrix, there is an increase in elemental sensitivities up to a certain value after 
which it remains more or less constant. This therefore suggests that by hydrating all 
samples by a few percent of water will produce not only an increased sensitivity (up 
to seventy percent) in the detection of elements but also allow intercomparisons of 
elemental concentrations to be made from sample to sample. It also obviates the need 
for time consuming and probably expensive drying procedures.
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C H A P T E R  7
C O N C L U S IO N S  A N D  S U G G E S T IO N S  F O R  F U R T H E R  W O R K
7.1 - DISCUSSION AND CONCLUSIONS
Due to the increase in public concern about the quality of the environment and 
water supplies, which are largely affected by the increase in industrial activities, car 
exhaust emissions and domestic and hospital wastes, there is growing demand for 
collecting information on elemental concentration, distribution, transport and 
interactions. To assess the degree of pollution in places affected by anthropogenic 
activities, one would expect that the survey would involve large areas, and samples 
of large sizes. Today’s analytical techniques for elemental analysis are based on 
samples with masses varying from tens to several hundreds milligrams and cannot 
cope with large samples sizes. However, techniques like neutron activation if further 
developed have the potential for analysing samples of large sizes due to the high 
penetration of the neutrons and gamma-rays in different types of sample matrices. 
There is no limitation for this technique to be applied, provided the corrections for the 
neutron and gamma-ray attenuations are to be made.
The use of large samples has the advantage of reducing sample preparation and 
homogenization procedures, minimizing the possibility of sample contamination or 
elemental losses, and ensures greater sample representativeness. In this research work, 
two to five kilogrammes of each sample were thought to be representative for whole 
the bulk.
The neutron facility described in chapter 2 was modified in a sense that better 
shielding was provided with the intention to protect the gamma-ray detector and
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improve the elemental sensitivities. A large fraction of neutrons from the neutron 
source was noted to be travelling towards the detector which would result not only in 
damage to the detector but can interact with crystal material and produce some 
gamma-ray lines which may interfere with the peaks of interest. Powdered Li2C03 in 
a perspex box was placed in front of the neutron source in order to reduce the effect 
with a hole of 50 mm diameter through the box’s centre to allow neutrons to pass 
through it.
Since cyclic neutron activation analysis was performed in this work, it was 
decided to control the neutron source movement and the gamma-ray spectroscopy 
system using a personal computer(PC), so that precise timing parameters (ti, tw, tw', 
tm) can be achieved. A programme in C language was developed and implemented 
on the PC with the use of microswitches and an input/output interfacing card inserted 
in one of the PC slots to perform the full control required. Another multichannel 
analyzer (MCA) was provided to accumulate the prompt gamma-rays emitted during 
the irradiation so that maximum information can be extracted during each cycle of 
irradiation and counting.
The absolute method was adopted in the elemental analysis of bulk samples. 
This means that all the parameters involved in the activation equation should be 
optimized. In particular it was important to evaluate the neutron flux and the detector 
absolute efficiency with the necessary correction factors applied. There are a number 
of correction factors which should be considered in order to obtain a valid estimate 
of the elemental concentrations. These factors include neutron attenuation within the 
sample, the detector efficiencies for distributed sources which are considered explicitly 
for the correction of the gamma-ray attenuation effects and the correction for the 
spatial distribution of the radioactivity from the voluminous sample compared to point 
source geometry. The neutron attenuation in the sample was estimated by firstly 
measuring the total neutron macroscopic cross section of the sample experimentally
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(using a 3He neutron detector) and then used these values as input data in a Monte- 
Carlo programme to find the neutron attenuation. The evaluation of the detector 
absolute efficiency was performed using a Monte-Carlo programme which was used 
to simulate randomly the number of photons emitted from irregularly shaped 
voluminous samples and calculate the path lengths in the samples, the detector and 
any intervening materials and finally calculate the effective solid angle between the 
sample and the detector. Attenuation of gamma-rays within the sample and the 
detector were considered. This only requires experimentally determined total linear 
attenuation coefficients of the samples as a function of gamma-ray energy which was 
measured using transmission measurements employing calibrated gamma-ray point 
sources. Both the samples and the gamma-ray point sources were collimated.
The detector efficiency was evaluated by comparing the spatially distributed 
activity of the voluminous sample to that of the gamma-ray point sources. This 
involved the experimental determination of detector absolute efficiency for gamma-ray 
point sources at a large distance, the calculation of the effective solid angle for that 
geometry, the calculation of the effective solid angle of the voluminous sample at a 
certain geometry using the Monte-Carlo programme and finally using equation (3.32) 
to determine the detector absolute efficiency subtended by that voluminous sample for 
that geometry.
The method mentioned above was validated experimentally using an 152Eu 
distributed source of 75 mm diameter and 100 mm length which was the only 
distributed source available at the time of the research work. Comparison between the 
calculated and the measured absolute efficiencies in the energy range of (121.78 - 
1408.02 keV) shows a maximum variation of 4 %. The method was also used to 
calculate the absolute efficiency of the detector subtended to voluminous samples of 
different matrices analysed in this work.
The volume of interaction was also calculated as the product of the integral 
detector response represented by the effective solid angle and the neutron flux 
distribution over the sample volume. This can provide useful information about the
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site where most of the interactions occur, and hence allow the detector position with 
respect to the sample and the neutron source to be optimized.
The neutron facility was applied to the analysis of bulk samples as a means of 
monitoring landfill waste and other materials. Thus 2 to 5 kilogrammes representing 
different matrices such as sawdust, coal, fly ash and landfill waste were used to obtain 
the detection limits of elements of interest under conventional, prompt and cyclic 
modes of neutron activation analysis. Long irradiation and counting (17 to 24 h) were 
also performed in order to obtain good counting statistics, and the elemental 
concentrations in these samples were determined.
Bulk samples supplied to the laboratory for environmental monitoring contain 
different amounts of hydrogen, and if analysed as such might produce erroneous 
values of elemental concentrations when comparing similar type of samples due to the 
scattering by hydrogen atoms within these samples. For this purpose, it was important 
to examine whether the presence of water in bulk samples such as landfill waste 
produces significant variations in measured elemental concentrations and if so, requires 
samples to be dried, which can be a time consuming and expensive process. The effect 
of hydration of samples on the sensitivity of ten elements were studied. Samples with 
different water concentrations in a fixed volume and shape were prepared and used 
in the analysis in order to obtain a measure and an understanding of the effects 
involved. The results obtained showed that elemental sensitivity increased with the 
amount of water added to the sample matrix up to a certain value after which it 
remains more or less constant. The increase in the elemental sensitivities was believed 
to be due the inelastic neutron scattering with the hydrogen resulting in neutron 
thermalization. These trends were in agreement with the neutron flux changes shown 
in chapter 6. This suggests that by hydrating the samples with a few percentage of 
water not only results in an increase in the elemental sensitivities but may allow 
elemental concentrations to be compared from one sample to another, and also prevent 
the need for .expensive drying procedures.
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Instrumental neutron activation analysis (INAA) based on the use of a research 
nuclear reactor and proton induced X-ray emission (PIXE) based on a 2 MeV Van de 
Graaff accelerator were also employed in this study for trace element analysis and 
have been found to be sensitive and with good accuracy. Using short and long 
irradiations in the reactor, it was possible to determine elements such as Na, Mg, K, 
Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Zn, As, Se, Br, Rb, Ba, La, Sm, Eu, Tb, Ho, Yb, Hf, 
Ta and Th in these matrices. Correction for the neutron flux in the long irradiation 
was made using Zr wires. Elements such as K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, 
Sr and Cl were measured using PIXE analysis. Standard reference materials were used 
to control the analysis in both techniques. A comparison between the concentrations 
of those elements determined in both two techniques showed good agreement.
7.2 - SUGGESTIONS FOR FURTHER WORK
The neutron facility at Surrey University can be improved in many aspects; for 
example the boron loaded clay shield around the neutron source at the irradiation 
position can be replaced by Li2C 03 so as to avoid the emission of the 477 keV prompt 
gamma-rays which raises the background of the peaks of lower energies through 
Compton scattering interaction, and hence better elemental sensitivities may be 
achieved using lower energy gamma-rays.
Higher neutron fluxes are also desirable in neutron activation techniques, the 
use of a neutron reflector to increase the neutron flux at the irradiation position can 
be very useful. This serves to reduce the neutron loss by reflecting neutrons back to 
the sample so that the volume of interaction would increase. A lead or bismuth 
reflector for example, placed behind the sample serves to scatter the neutrons back to 
the sample and increases the ratio of gamma-rays generated within the sample to those 
generated outside. An increase in the elemental sensitivity would be expected by 
incorporating such a reflector in the system.
In cyclic neutron activation analysis, gamma-rays are collected during the 
periods where the neutron source is back at its shielded position with the same
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geometry as that used for the prompt gamma-ray collection. This geometry (i.e. the 
sample-detector distance) is large in order to avoid the detector being in the neutron 
source view. However, if the detector can be cycled synchronously with the neutron 
source (i.e. as the neutron source moves back to the shielded position, the detector is 
made to move closer to the sample and vice versa). In this way the solid angle 
between the sample and the detector can be maximized, and hence an increase in the 
sensitivity can be gained. This can be achieved by placing the detector on a rail cycled 
by a motor. The motor can also be used to rotate the sample during the irradiation and 
counting in order to correct for any pronounced sample inhomogeneities.
Introducing the kO- method into prompt gamma activation analysis could lead 
to a higher reliability of the results obtained, especially with these types of isotopic 
neutron sources which have long half-lives and for which corrections for neutron flux 
variations may not be required so frequently.
The possibility of studying the effect of hydration on the elemental sensitivities 
for bulk samples using neutron sources of higher fluxes should help validate the trends 
shown in our study.
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